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ABSTRACT 
THE EFFECTS OF WATER, SUCROSE, AND SURFACTANTS ON THE 
PHYSICOCHEMICAL PROPERTIES OF WHEAT GLUTEN AND STARCH, 
AND THEIR RELATIONSHIPS TO FUNCTIONALITIES OF BREAD 
SEPTEMBER 1990 
LEAH LIH-JU LO, B.S., NATIONAL TAIWAN OCEAN UNIVERSITY 
M.S., NATIONAL TAIWAN OCEAN UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS 
Directed by: Professor Robert A. Coler 
In the study of bread staling, progress is limited 
due to its complex system. Two primary wheat 
constituents, gluten and starch, and the major bread 
ingredients water and sucrose were used for molecular 
interaction studies in model systems. Starch 
retrogradation in breads and their microstructures were 
examined to observe the effects of ingredients in 
practical system. Sorption isotherms and 2H, 13C, and 170 
NMR were used to examine molecular interactions and study 
water mobility in model systems. DSC was used for thermal 
transition studies. Light and polarized light 
microscopies were used for microstructure and starch 
crystal observations. 
• • 
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Sucrose and gluten, and sucrose and starch 
"interacted" in the model systems. The "interacted" 
sucrose-gluten or sucrose-starch mixtures showed water 
absorption behaviors intermediate between that of pure 
sucrose and gluten or starch. The water mobility of 
sucrose-gluten mixtures was decreased with the increase of 
sucrose concentration, while for that of sucrose-starch 
mixtures it was increased with the increase of sucrose 
concentration. 
Water plasticized gluten more effectively than 
starch perhapes because gluten is complete amorphous while 
starch contains about 40% amorphous regions. Sucrose also 
plasticized gluten or starch. However, in sucrose-water- 
gluten or starch mixture, sucrose showed less 
plasticization effect (antiplasticizer). Sucrose had a 
strong antiplasticization effect in the gluten mixtures 
but not in the starch mixtures. 
Starch gelatinization endothermic energy increased 
with the increase of moisture content indicating that 
gelatinization is dependent on availability of water. 
With constant moisture content, both salt and sucrose 
increased gelatinization peak temperatures and endothermic 
energies. However, salt had greater retarding effect on 
gelatinization than did sucrose. 
Bread was sealed in cans and kept at room temperature 
for 4 days. Bread made from hard wheat flour had more 
• • • 
vm 
intact microstructure and low starch crystalline melting 
endothermic energy than bread made from soft wheat or all¬ 
purpose flour. Among 3 types of surfactants added to 
bread doughs, sodium stearoyl lactylate produced bread 
with the most highly homogeneous distribution of medium 
sized air cells and intact cell walls. Sucrose ester 
(HLB 16)-added bread had the lowest starch crystalline 
melting endothermic energy, and thus would decrease 
retrogradation more than the other surfactants. 
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CHAPTER 1 
INTRODUCTION 
Wheat provides about 20% of the total food calories 
for the people of the world. It is the main staple for 
about 35% of the world population (Brown, 1963). Both 
major structural components of wheat, protein (gluten) and 
starch polymers, are easily digested by humans (Leonard 
and Martin, 1963). 
Wheat glutens are amorphous biopolymers (Hoseney et 
al., 1986), which contain glutenin and gliadin (Huebner, 
1968). Both glutenin and gliadin are important components 
contributing to bread characteristics. Glutenin is 
responsible for cohesion and elasticity, and gliadin is 
responsible for viscosity after hydration of bread dough 
(Wall and Beckwith, 1969). Wheat starch is a 
semicrystalline biopolymer (Katz, 1928), which contains 
amylose (linear structure) and amylopectin (branched 
structure). Amylose contributes gelling property and 
amylopectin contributes uniformity to food products 
(Luallen, 1985). 
The physicochemical properties of starch and gluten 
in food products are greatly affected by solvent, e.g. 
water, and solutes, e.g. sucrose. Water and sucrose, 
major ingredients in bread, are both plasticizers to the 
1 
amorphous regions of these two wheat polymers. The 
presence of a plasticizer depresses the glass transition 
temperature (Tg) of polymers. For instance, Tg of dry 
gluten drops from 150°C to room temperature when it 
contains 13% moisture content (Fujio and Lim, 1989). In 
starch, the presence of water decreases Tg about 
60°C/weight % water for the first 10 weight % moisture 
content (Levine and Slade, 1990). This effect decreases 
starch melting (glatinization) temperature (Tm) as well 
(Levine and Slade, 1990). 
Sucrose alone has a plasticizing effect, although it 
is less than that of water alone. However, when sucrose 
and water are combined, then sucrose lowers the 
plasticizing effect of water and therefore is called an 
"antiplasticizer" (Levine and Slade, 1990; Sears and 
Darby, 1982). Thus, the presence of water-sucrose 
cosolvent increases the gelatinization temperature of 
starch. 
Wheat flour is the major functional ingredient of 
bread and similar baked products. The changes of wheat 
components in bread result in what is commonly referred to 
as "bread staling", which changes the overall quality and 
limits shelf-lives of baked products (Bechtel et al., 
1953; Maga, 1975; Kulp and Ponte, 1981). 
Surfactants, which are amphiphilic substances, have 
been used to improve the quality of baked products 
2 
(Birnbaum, 1977), by delaying their staling (Pomeranz, 
1981) and increasing their shelf-life (Knightly, 1977; 
Krog and Nybo Jensen, 1970; Kulp and Ponte, 1981; 
Lagendijk and Pennings, 1970). 
Surfactants have two functions in bread making. 
First, they interact with starch to "soften" crumbs 
("crumb softener"), by delaying starch retrogradation (re¬ 
crystallization) and thus delaying bread staling (Gray and 
Schoch, 1962; Krog, 1971; Lagendijk and Pennings, 1970; 
Osman et al., 1961). Most studies of this effect have 
examined only the effects on the amylose portion of 
starch. Second, they may interact with gluten, as a 
"dough conditioner", and contribute to increased gas 
retention ability of gluten (Hoseney et al., 1970) and 
finer texture of the baked goods (Belderok, 1975; Krog, 
1977) . 
Bread staling has been intensively investigated by 
cereal chemists applying various physico-chemical 
technigues, such as rheological measurements, Differential 
Scanning Calorimetry (DSC), Nuclear Magnetic Resonance 
(NMR), and micro- and macroscopic observations. Despite 
the great interest in this field, fundamental 
understanding of the polymeric properties of these 
components is still very limited. Progress of studies on 
the molecular mechanisms of these effects has been very 
slow due to the complexity of the systems and the 
3 
sophisticated instrumentation needed for accurate 
analyses. 
This study will examine the effects of specific bread 
ingredients, namely water, sucrose, and surfactants, on 
physicochemical properties of wheat starch and gluten, 
primarily due to their marked effects on bread structural 
and textural properties. A combination of water sorption 
measurement, DSC, and NMR will be applied in order to 
investigate various aspects of the polymeric properties of 
wheat starch and gluten. The work will mainly involve 
model systems and the component interactions, i.e., water- 
solid and solid-solid interactions. The water sorption 
behavior, water mobility, and its plasticizing ability 
will be investigated by water sorption, 2H and 170 NMR, 
and DSC. Effects of various ingredients on these physical 
properties of bread will be investigated by observing the 
bread staling phenomenon from the component interaction 
standpoint, using the DSC. This will be related also to 
textural changes as a means to measure bread quality. 
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CHAPTER 2 
STATEMENT OF PROBLEMS 
The most obvious problem in controlling bread 
texture, e.g., preventing bread staling, is the complexity 
of the system. Not only is bread a multicomponent system, 
containing a wide range of solutes, polymers and solvents, 
it also is porous and viscoelastic in nature. All these 
factors and properties are very closely related, and thus 
changing one parameter always results in uncontrollable 
changes of others. For instance, changing the level of 
sucrose in a bread dough formula always results in an 
effect on the dough development, because it changes dough 
elasticity and thus the ability of the matrix to form 
solid foam as carbon dioxide (C02) is liberated during 
fermentation. The amount of C02 produced also is a 
function of the sucrose being added, since the 
fermentation process utilizes sucrose giving off C02. 
Therefore, changing sucrose in a formula results in a 
change in both the matrix properties and the porosity of 
the bread. Therefore, to relate molecular interactions to 
textural properties is difficult. However, molecular 
interactions may be studied in great detail by applying 
model systems. 
Bread studies also have been limited by the 
sensitivity of instruments being used. Experimental 
5 
approaches range from complicated chemical analyses to 
physical and sensory evaluation. However, none has shown 
any molecular conformational changes in the systems as 
measured by DSC and NMR. Unfortunately, these two 
techniques have not been fully applied to solve the 
problems in bread. Because DSC determines the glass- 
rubbery state of the polymers studied and NMR determines 
the molecular mobility of the nuclei studied, e.g., 13C- 
carbon side chain of the polymers and 1H or 2H-water, both 
should complement each other to yield the maximum 
information on interactions (by NMR) and their effects on 
the structure (by DSC). 
Water also plays a key role in controlling bread 
texture and staling. Yet, the nature of association of 
water with bread components is poorly understood. Adding 
other ingredients, such as sucrose, also affects the water 
distribution, and possibly its ability to plasticize the 
polymers. None of this information has been fully 
understood and more sophisticated instrumentation, such as 
DSC and NMR, is necessary to determine the role of water 
in the functionality of wheat polymers. Unless the water- 
solvent-polymer interactions and their effects on the 
glassy/rubbery states of starch and gluten are known, the 
bread staling problem will not be understood. 
6 
There are three proposed mechanisms of the effects of 
surfactants in retarding staling: a) they interact with 
starch, and thus delay the retrogradation process, 
b) they interact with gluten by hydrophobic-hydrophilic 
interaction, and c) due to their emulsifying ability, they 
form a barrier between the hydrophobic starch, water, and 
solutes components. This has been thought to retard the 
rate of moisture migration from gluten to starch. It is 
important that this role of surfactants be understood, 
since this could lead to a more scientific approach to 
solving the bread staling and other bread textural 
problems. 
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CHAPTER 3 
LITERATURE REVIEW 
3.1 Thermal Transition 
3.1.1 Glass Transition Temperature (Tcrl 
There is a "temperature boundary" for almost all 
amorphous and many crystalline polymers, above which the 
substance remains soft, flexible and rubbery and below, 
which it becomes hard, brittle and glassy. This 
"temperature boundary" is called the "glass transition 
temperature (Tg)". The soft, flexible state is known as 
the rubbery or viscoelastic state and the hard, brittle 
state as the glassy state (Gowariker et al., 1986). 
3.2 Water 
3.2.1 Water as Plasticizer 
Water is the most important plasticizer for 
hydrophilic food components (Karel, 1985). The definition 
of plasticizers is "low molecular weight non-volatile 
substances (Gowariker et al., 1986) which are incorporated 
in a polymer to increase the polymer's workability, 
flexibility, or extensibility (Sears and Darby, 1982)". 
Plasticization, on a molecular level, leads to increased 
intermolecular space or free volume, decreased local 
viscosity, and concomitant increased mobility (Ferry, 
1980). For water-compatible food polymers, such as starch 
and gluten, water is an efficient plasticizer (Levine and 
Slade, 1987). 
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3.2.2 Effects of Water Plasticization on Physicochemical 
Properties of Gluten and Starch 
It has become well established that plasticization by 
water depresses the Tg of many amorphous polymers, 
particularly at low moisture contents. For anhydrous 
polymers, e.g. gluten and starch , the dropping of Tg by 
water plasticization can be from 200°C to about -10°C 
(Atkins, 1987). The Tg of about -10°C is in fact 
characteristic of high molecular weight biopolymers at or 
above moisture contents near 30%, corresponding to 
physiological conditions. 
The effect of water plasticization on physicochemical 
properties of gluten (Doescher et al., 1987; Hoseney et 
al., 1986; Levine and Slade, 1987, 1988a; Slade, 1984; 
Slade et al., 1988) is shown in Fig. 1 (Fujio and Lim, 
1989) . In this study, critical temperature is also 
measured by color changes in heat-treated gluten, and the 
data are nearly identical to those obtained by DSC over 
the range of 5 to 13% moisture. The Tg of dry gluten 
appears to be at 150°C. At water contents above 13%, the 
transition occurs at room temperature. Thus, at lower 
moisture, the polymer is glassy at room temperature. At 
higher temperatures or water levels the polymer is 
rubbery. The physicochemical effect of water, as a 
plasticizer, on the Tg of starch (Ablett et al., 1986, 
Biliaderis et al., 1985, 1986a, b, c; Blanshard, 1986, 
9 
Figure 1. Effect of moisture content on the glass 
transition temperature of gluten: glass 
transition temperature measured by DSC (•), 
critical temperature from color changes (□) 
(Fujio and Lim, 1989). 
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1987, 1988; Kainuma and French, 1972; Levine and Slade, 
1987, 1988a; Marsh and Blanshard, 1988; Maurice et 
al., 1985; Slade, 1984; Slade and Levine, 1984, 1987a, 
1988a, b, c; van den Berg, 1981, 1986; van den Berg and 
Bruin, 1981; Yost and Hoseney, 1986; Zeleznak and Hoseney, 
1987; Zobel, 1988) is illustrated in Fig. 2 (Zeleznak and 
Hoseney, 1987). For pure dry starch, Tg is 125°C. Tg 
drops about 6°C/weight% water for the first 10 weight% 
moisture content and for pure water it is -135°C (Levine 
and Slade, 1990). This Tg depression can be either 
advantageous or disadvantageous to material properties, 
processing, and stability (Rowland, 1980). 
3.2.3 Effects of Water Plasticization on Physicochemical 
Properties of Dough and Baked Products 
The importance of water as a plasticizer of major 
amorphous polymeric and monomeric components in doughs and 
baked products can be inferred from the recent review by 
Bloksma and Bushuk (1988). They noted that water plays a 
key role in 1) the formation of dough, 2) determining its 
rheological properties, and 3) determining the texture of 
baked products. They pointed out that increasing the 
water content of dough (thereby increasing the extent of 
plasticization of dough polymers such as starch and gluten 
as well as monomeric sugars) results in decreasing 
viscosity and modulus, leading to effects on the 
rheological properties of dough, including increasing 
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Figure 2. Plot of the response of the glass 
transition temperature (Tg) to sample 
moisture in native and pregelatinized 
wheat starch (Zeleznak and Hoseney, 
1987) . 
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cohesion and extensibility and decreasing stiffness and 
resistance to mixing. In this context, plasticization by 
water near room temperature can be advantageous for 
processibility, e.g. in sheeting of cracker dough. On the 
other hand, plasticization by water at elevated 
temperature may be disadvantageous to product quality, 
e.g. in excessive gelatinization of starch during baking 
of cracker dough. In other situations, e.g. in storage of 
dual-texture baked goods with a crisp component, 
plasticization due to moisture uptake or internal 
migration can be detrimental to produce textural 
stability. 
3.3 Gluten 
3.3.1 Gluten Composition 
Wheat gluten proteins are a mixture of glutenin and 
gliadin (Huebner 1968; Miflin et al., 1983; Wall, 1979). 
Although similar in amino acid content, the gliadin and 
glutenin fractions differ greatly in molecular weight, as 
judged by differences in elution volume, which are 250,000 
for glutenin and 26,000 for gliadin (Beckwith et al., 
1966; Nielsen et al., 1962) or 10x10^ for glutenin and 
35,000 to 75,000 for gliadin (Miflin et al., 1983; Wall, 
1979). Glutenins are polymeric proteins that are largely 
insoluble in alcohol (in the absence of reducing agents) 
and contain both intrachain and interchain disulphide 
bonds. Gliadins are monomeric proteins that are alcohol 
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soluble and contain only intrachain disulphide bonds 
(Moonen, et al., 1985). The polypeptide chains of gluten 
proteins are not highly organized into helical arrays (Wu 
et al., 1967). Wheat gluten appears to be an amorphous 
random polymer (Hoseney et al., 1986). 
3.3.2 Gluten Functionalties 
Gluten is highly insoluble in water at neutrality but 
can be dissolved in acid or basic aqueous solutions of low 
ionic strength. Glutenin forms a very tough, elastic 
cohesive mass when hydrated, whereas the gliadin hydrates 
to yield only a viscous fluid mass. 
3.3.3 Effects Of Water On Gluten Functionalities 
Gluten gel is a continuous phase of densely packed 
protein units. The space available for water is strictly 
limited in the continuous phase due to the dense packing 
of protein molecules. The waterholding capacity of gluten 
is 1.5 to 2.5 g water/g dry gluten (Hermansson 1983). The 
microstructure of the protein matrix remained the same, 
even after heating at 95°C (Eliasson 1980; Hermansson and 
Larsson, 1986). Water plasticization affects thermal 
properties of gluten as illustrated in Fig. 1. 
3.4 Starch 
3.4.1 Starch Composition 
Wheat starch contains about 30% amylose and 70% 
amylopectin (Knight, 1965). Amylose is essentially a 
linear polymer consisting of (1 —> 4) linkage a-D 
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glucopyranosyl units and it is amorphous in the granule. 
Amylopectin is a branched polymer of a-D glucopyranosyl 
units primarily linked by (1 —> 4) bonds, but with 
branches resulting from (1 —> 6) linkages (Williams, 
1968) and it is a partially crystalline component. 
Properties of these two wheat starch components are 
summarized in Table 1. Amylose is the component that 
contributes the characteristic of gelling. Amylopectin is 
the nongelling portion of the starch. It generally 
contributes a consistency to food products because of its 
solubility (Luallen, 1985). It is generally believed that 
the crystalline regions in a starch granule are 
interspersed in a continuous amorphous or gel phase (Banks 
and Greenwood, 1975; French, 1984). 
3.4.2 Starch Gelatinization 
The term "gelatinization" generally is used to 
describe the swelling and hydration of starch granules 
(Zobel, 1984). Wheat starch is generally considered to be 
insoluble in water (Knight, 1965). When water is added to 
dry starch granules, the volume of the granules increases 
because of imbibition. The starch granules swell as water 
is absorbed, when heat is applied. Many factors can 
affect gelatinization of starch: milling severity, grain 
maturity, drying techniques (Kulp, 1973a), water 
availability (Farrand, 1972), and the time and temperature 
relationships during baking (Yasunaga et al., 
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Table 1. Properties of the amylose and amylopectin 
components of starch (Marshall,1972; 
Williams, 1968; and Radley, 1968). 
Property Amylose Amylopectin 
General structure Essentially linear Branched 
Color with iodine Dark blue Purple 
Amax of iodine complex ~650nm ~540nm 
Iodine affinity 19-20% < 1% 
Average chain length 
(glucose residues) 
100-10000 20-30 
Degree of polymerization 
(glucose residues) 
100-10000 10000-100000 
Solubility in water Variable Soluble 
Stability in aqueous 
solution Retrogrades Stable 
Conversion to maltose 
by crystalline -amylase 
-70% -55% 
1968) . The relative quantities of amylose and amylopectin 
and their molecular arrangement can also influence 
gelatinization properties (Kulp, 1973b; Medcalf, 1968). 
Gelatinization is an irreversible breakdown of 
structure (Dengate, 1984). Although the phenomena of 
gelatinization are readily apparent, the various ways 
(calorimetric, optical, rheological, x-ray diffraction) 
used to determine gelatinization have made it difficult to 
formulate a precise and common definition. Loss of 
birefringence, which can be observed in a polarizing 
microscope, accompanies rapid swelling of the granule 
(Schoch and Maywald, 1956; Watson, 1964). 
Gelatinization thermograms obtained by DSC show that 
gelatinization endotherms are first-order thermal 
transitions (Biliaderis et al., 1980; Burt and Russel, 
1983; Donovan, 1979; Donovan and Mapes 1980; Evans and 
Haisman, 1982; Kugimiya et al., 1980). There are two 
discontinuous changes in the primary thermodynamic 
variables, volume and enthalpy (Levine, 1983). These 
endotherms are generally interpreted to mean that 
gelatinization is a melting process (Biliaderis et al., 
1980; Donovan, 1977; Donovan, 1979; Eberstein et al., 
1980; Evans and Haisman, 1982; Knutson et al., 1982, 
Kugimiya and Donovan, 1981; Lelievre, 1973; Nishita and 
Bean, 1982; Stevens and Elton, 1971; Takahashi et al., 
1982; Zobel et al., 1965). Starch gelatinization is 
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nonequilibrium in character and that the process is 
controlled by the requirements for previous softening of 
the amorphous parts of the granule (Biliaderis et al., 
1985; Maurice et al., 1985; Slade and Levine, 1984). The 
thermal transition properties can be routinely determined 
using differential thermal analysis (DTA) or DSC. The 
transition temperature and endotherm of starch from 
granular to swollen, pasty state can be affected by 
moisture content (Eliason et al., 1983; Freke, 1971; Olkku 
and Rha, 1978; Varriano-Marston et al., 1980; Zobel et 
al., 1988), diluents such as sucrose (Freke, 1971; Olkku 
and Rha, 1978), and surfactants (Ghiasi et al., 1982; 
Olkku and Rha, 1978). 
3.4.3 Starch Retrogradation 
Retrogradation is a physical change of the starch 
amylose and amylopectin from a swollen, gel-like state to 
a more crystalline state. Starch retrogradation is 
referred to as the basic mechanism of bread staling (Maga, 
1975; Schoch and French, 1947; Zobel, 1973). 
A classical 3-step crystallization mechanism has been 
widely used to describe partially-crystalline synthetic 
polymers crystallized, from the melt or concentrated 
solution, by undercooling from temperature (T) higher than 
melting temperature (Tm) to Tg < T < Tm (Jolley, 1970; 
Levine and Slade, 1984 ; Wunderlich, 1976). It involves 
the following sequential steps: 
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1) nucleation (homogeneous)—formation of critical nuclei 
by initiation of ordered chain segments intramolecularly; 
2) propagation—growth of crystals from nuclei by 
intermolecular aggregation of ordered segments; and 3) 
maturation—crystal perfection (by annealing of metastable 
microcrystallites) and/or continued slow growth 
(Wunderlich, 1976). These facts are true with regard to 
starch retrogradation, a gelation-by-crystallization 
process (French, 1984; Levine and Slade, 1987; Slade, 
1984; Zobel, 1984). 
Starch crystallization has been studied by DSC 
(Eberstein et al., 1980; Eliasson, 1983; Longton and 
LeGrys, 1981; Mclver et al., 1968; Nakazawa et al., 1985; 
Russell, 1983), a method in which the starch crystallites 
are melted and the latent heat of fusion is calculated 
from the fraction responsible for the retrogradation. 
Only amylopectin is measured in this way (Eberstein et 
al., 1980; Eliasson, 1985; Russell, 1983). 
3.4.4 Effects Of Water On Starch Functionalities 
Though wheat starch is generally considered to be 
insoluble in water (Knight, 1965), interaction of starch 
and water does occur before the initial temperature of 
gelatinization (for wheat starch which is about 58°C) is 
reached (Olkku and Rha, 1978). Gough and Pybus (1971) 
treated wheat starch granules with 50°C water for 72 
hours. The gelatinization temperature increased and 
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gelatinization occurred more rapidly than for those 
granules without hot water treatment. Kerr (1950) 
distinguished various phases in the breakdown of the 
starch molecular structure. In the first phase, which 
occurs before the onset of gelatinization, water is slowly 
and reversibly taken up. This has been confirmed by Jaska 
(1971) in his study using Proton Magnetic Resonance (PMR). 
At this stage the mobility of water decreases as the 
temperature is increased from 20 to 60°C and it is thought 
that water is being reversibly complexed with the starch 
molecules in the granule. Water plasticization affects 
thermal properties of starch as illustrated in Fig. 2. 
3.4.5 Effects Of Sucrose On Starch Functionalities 
Increasing sucrose concentrations in the suspending 
liquid caused a corresponding increase in the starch 
gelatinization temperature (Freke, 1971; Lund, 1984; 
Zobel, 1984). This effect had been attributed in part to 
depression of water activity (Aw) by sugars and in part to 
interaction of sugars with amorphous areas of starch (so- 
called "sugar bridges") (Ghiasi et al., 1983). 
Slade (1984) and Slade and Levine (1984) demonstrated 
that in starch-water-sugar 3-component model systems, as 
weight of sucrose was increased in a ternary mixture with 
constant equal weight ratio of starch and water, Tmin 
(i.e. heat uptake at the peak of gelatinization endotherm) 
increased linearly for samples up to a 1:1:1 mixture. If 
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a sugar/water solution is viewed as a plasticizing 
cosolvent, it is evident that such a coplasticizer is less 
effective for plasticization than water alone. Less 
effective plasticization would result directly in less 
depression of Tg. At this point, sugar is called 
antiplasticizer. 
3.5 Bread 
3.5.1 The Role Of Gluten In Dough and Baked Products 
The most important physical property of wheat is the 
elasticity of its gluten (Bushuk and Wrigley, 1974). 
Wheat gluten has the ability to form a continuous film 
that retains minute carbon dioxide bubbles formed after 
leavening (Briggle and Curtis, 1987), which determines the 
volume and texture of the bread. Gluten protein 
extractability from dough increased substantially with 
increase in dough mixing time because protein aggregation 
decreased (Chung and Tsen, 1975; Mecham et al., 1962; Tsen 
1967) . Breads with different protein levels produce 
significantly different loaf volumes (Maleki et al., 
1980). According to Banecki (1982) , gluten is the 
deciding factor in staling of bread. The conclusion was 
reached on the basis of firmness measurements of breads 
baked from doughs with starch-gluten ratios from 80:4 to 
64:20 and dough water contents from 42.5 to 49.5%. The 
influence of gluten on elastic changes during regular 
bread staling was reported to be 6.7 times greater than 
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that of starch. Banecki (1983) showed that there was no 
transport of water from starch to gluten in the first 72 
hours after bread was baked. 
Some evidence has indicated that during dough mixing, 
lipids or added surfactants such as monostearate or sodium 
stearoyl lactylate become bound to gluten proteins, 
whereas in baked bread these additives are bound to the 
starch (De Stefanis et al., 1977). These surfactants also 
may indirectly change the water distribution in the bread 
(Pisesookbuterung and D'Appolonia, 1983a). Therefore, 
surfactants can prolong the shelf life of bread (Krog and 
Nybo Jensen, 1970; Knightly, 1977; Kulp and Ponte, 1981; 
Lagendijk and Pennings, 1970). 
3.5.2 The Role of Starch in Dough and Baked Products 
The role of starch in the bread system is complex. 
Gelatinization of native starch grains embedded in the 
glutenous matrix of bread dough seems to be essential to 
the formation of a porous elastic crumb (Sandstedt, 1961). 
It has been suggested that in gelatinizing, wheat starch 
can take up several times its weight in water from the 
gluten and retain this moisture, allowing the surrounding 
dehydrated gluten matrix to maintain a semirigid form 
(Medcalf, 1968; Sandstedt, 1961). The effect of grain 
size within wheat varieties, Ponte et al., (1963) 
demonstrated an inverse relationship between loaf volume 
and the relative number of smaller wheat starch grains. 
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Small grains tend to gelatinize at a slightly higher 
temperature and to have higher hydration capacities than 
grains of average size (Kulp, 1973b). 
Perhaps the rapid crystallization amylose fraction 
(it crystallizes right after baking) of starch is 
responsible for setting the crumb structure (Greenwood, 
1976; Hoseney, et al., 1971; Hoseney, et al., 1978). 
Bread staling is a complicated phenomenon. Starch 
retrogradation in bread products plays a major role in 
staling (Schoch 1965). Schoch and French (1947) theorized 
that amylopectin is primarily responsible for bread 
staling, since the water-soluble starch leached from the 
crumb of fresh bread at 30°C was predominantly 
amylopectin. However, considerable information is 
available to show that retrogradation of the amylose 
fraction is also involved in staling (Maga, 1975) because 
it retrograded easily. However, it crystallized 
completely by the time the bread had cooled down from the 
oven (Schoch and French, 1947). Further crystallization 
of melted starch polymers is mainly a result of 
amylopectin, which occurs during storage. Some research 
results suggested that the slower retrogradation of 
amylopectin was the cause of bread staling because the 
amount of soluble amylopectin decreased with the staling 
of bread (Kim and D'Appolonia, 1977; Noznich et al., 1946; 
Pisesookbonterng and D'Appolonia, 1983a, b; Schoch and 
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French, 1947) . However, Watson (1964) found that the 
amylopectin retrograded more rapidly at the presence of 
amylose. Due to many contradictory results, the mechanism 
of bread staling is not clearly understood. 
3.5.3 Bread Structure 
"The structure and properties of the gas cells' walls 
of bread must by necessity determin the character of the 
dough" (Baker, 1941) . The structure or skeleton of dough 
is formed by gluten proteins, which can be reinforced by 
interaction with lipids. In that structure glutenins are 
required to develop the dough and gliadins to retain the 
gas formed in the developed and fermented dough (Finney, 
1978) . The starch granules in the dough become a truly 
active partner with gluten mainly at the baking stage. 
Only at the oven spring stage of breadmaking does major 
interaction with starch take place (Wehrli and Pomeranz, 
1970a). Up to the stage of oven proof, when the bread has 
risen to a defined height, strength and stability of the 
dough structure depend on mixing and interaction of lipids 
and proteins. Baking "sets" the dough structure and fixes 
the bread texture and volume (Pomeranz, 1981). 
3.5.4 Bread Staling 
Bread staling, however, is an extremely complex 
phenomenon and is difficult to define in straightforward 
terms (D'Appolonia and Morad, 1981). The term staling is 
used to denote the total effects of a great number of 
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changes, such as changes of flavor, taste, crumb hardness 
and loss of moisture, etc., that take place in the crumb 
crust of baked bread (D'Appolonia and Morad, 1981; 
Pomeranz, 1981). The most obvious and, therefore, 
important attributes of staling of bread are: a) crumb 
firming, b) deterioration of flavor, aroma and texture, 
and c) loss of crust crispness. 
Bread staling largely results from changes in the 
starch component (Kim and D'Appolonia, 1977a; Knightly, 
1977; Maga, 1975). Mclver et al. (1968) and Colwell et 
al. (1969), using Differential Thermal Analysis (DTA), 
have also shown that the aging process in starch gels was 
similar to the staling of bread. Amylose molecules of 
starch, after being baked, form hard crystalline areas 
alone and together with the amylopectin molecules. This 
retrogradation is linked with the change in moisture and 
loss of flavor of the baked goods. These changes can lead 
to consumers finding that the baked good tastes stale (van 
Osnabrugge, 1989). 
The flavors produced during browning reactions 
penetrate the crumb and undergo degradation to give the 
characteristic stale flavor on storage. They consist of 
alcohols, aldehydes, diacetyl acids, ketones, and esters 
(Baker and Mize, 1942; Baker, et al., 1953). There is an 
increase in the total carbonyl content and total gas- 
chromatographic headspace area during the first and fifth 
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days of storage of bread. Reduction in organoleptic 
acceptability with age was correlated with a reduction of 
the aldehyde content, whereas the detone level (mainly 2- 
heptanone) was found to increase quite substantially 
during staling (Lorenz and Maga, 1972). 
Increasing absorption of water in dough enhances 
softness and retards firming (Bechtel et al., 1953; Clusky 
et al., 1959). Moisture redistribution during bread 
storage, however, has been a controversial subject. Senti 
and Dimler (1960) reported that moisture transfer would 
occur from the starch to the gluten in the crumb during 
aging, whereas Willhoft (1973) found a moisture transfer 
from gluten to the starch phase. 
Thomas (1947) found that 2 to 4% sugar slightly 
slowed crumb staling. Crumb firmness was affected by the 
sugar being minumum at 2 to 4% concentration. Edelmann et 
al (1950) noted that increasing the sucrose in the formula 
from 4 to 12% had little effect on the rate of crumb 
firming. 
3.6 Surfactants 
Surfactants are amphiphilic substances that because 
of their chemical structure possess both hydrophilic and 
lipophilic properties (Krog, 1981). They have been used 
to improve the quality of baked products (Birnbaum, 1977) 
for more than 30 years (Pisesookbunterng, 1983a). The 
food industry annually uses approximately 100,000 tons of 
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fat-derived surfactants in the form of monoglycerides and 
diglycerides, of which monoglycerides and their 
derivatives total about 75% on a volume basis (Krog, 
1981). 
An ideal surfactant should increase mixing stability 
and fermentation tolerance, stabilize loaf volume, improve 
crumb grain, and slow staling (Pomeranz, 1981). Thus, the 
shelflife of bread may be increased (Knightly,1977; Krog 
and Nybo Jensen, 1970; Kulp and Ponte, 1981? Lagendijk and 
Pennings, 1970). 
The function of emulsifiers in bread as crumb 
softening agents is related to interaction between the 
emulsifiers and the starch components, especially the 
linear amylose fraction. The interaction between the 
emulsifiers and the gluten proteins during dough mixing is 
referred to as a dough conditioner. 
3.6.1 Effects of Surfactants on Physicochemical Properties 
of Gluten 
Surfactants bind to gluten during dough mixing (De 
Stefanis et al., 1977? Wehrli and Pomeranz, 1970a, b). 
Different models of lipid-gluten interaction have been 
proposed. Grosskreutz's (1961) study suggested that 
lipids are present in a bimolecular layer that separates 
platelets of protein units. The lipid bilayer separating 
the protein diffraction line is about 48 to 50 A. Stutz 
et al. (1973) suggested that surfactants in the form of 
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stearoyl lactylates (calcium stearoyl-2-lactylate or SSL) 
interacted with gluten proteins in a way similar to that 
of the Grosskreutz lipid bilayer. 
Hoseney et al. (1970) found that free polar lipids 
(principally glycolipids) are bound to gliadin proteins by 
hydrophilic bonds. In unfractionated gluten, the lipid 
apparently is bound to both protein groups at the same 
time. The simultaneous binding of polar lipids to both 
gliadin and glutenin may contribute to the gas-retaining 
ability of gluten. Wehrli and Pomeranz (1970a) 
investigated complexes between glycolipids and gliadin and 
glutenin by infrared spectroscopy, which indicated the 
presence of hydrogen bonds and van der Waals forces 
between glycolipids and gluten components. NMR spectra 
showed an inhibition of the methylene signal of 
glycolipids by glutenin, indicating the presence of 
hydrophobic bonding. They supported the model proposed by 
Hoseney et al. (1970). 
The binding of surface-active lipids to both gliadin 
and glutenin may contribute to increased gas retention 
ability of gluten (Hoseney et al., 1970). The effects of 
using a surfactant (dough conditioner) are improved dough 
processing characteristics, increased volume, and finer 
texture of the baked goods (Krog, 1977). By adding 
emulsifiers, flour with low gluten content gives the same 
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fine structure as bread made from high gluten content 
flour (Belderok, 1975). 
In principle, surfactants can function as dough 
conditioners in two ways. First, surfactant molecules can 
interact by means of hydrophobic and/or hydrophilic 
binding (electrostatic or hydrogen bonds) to gluten 
proteins. According to this concept, the added surfactant 
must be soluble in the water phase of the dough on a 
molecular level in order to perform as a dough 
conditioner. Second, surfactants can interact in bulk 
form with the water phase of the dough, forming associated 
lipid-water structures together with flour free polar 
lipids. The structure of the lipid-water mesophases may 
be of the lamellar state, allowing the high degree of 
molecular freedom seen in biological membranes. 
Bimolecular lipid layers may associate with both polar and 
nonpolar surfaces of protein aggregates or stabilize air- 
water interfaces (Krog, 1981). 
Surfactants that are most effective as dough 
conditioners (i.e. SSL, EMG, DATA ester, Polysorbate) are 
able to form lamellar mesophases or gel structures in 
water at dough mixing temperatures. MacRitchie (1977) and 
Larsson (1980) have supported the theory that polar lipids 
including surfactants active as dough conditioners 
function as foam stabilizers in the dough. According to 
this concept, the polar lipids are concentrated in the 
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aqueous phase of the dough surrounding the gas bubbles in 
ordered structures similar to the mesophase structures of 
bulk solutions of isolated wheat lipids in water. 
Addition of surfactants (dough conditioners) to a dough 
may act in a similar way and support the native flour 
lipids in their foam stabilizing function. 
3.6.2 Effects of Surfactants on Physicochemical Properties 
of Starch 
3.6.2.1 The Interaction between Surfactants and Amvlose 
Most studies of the ability of the monoglycerides to 
complex with the starch fractions have been done with 
amylose (Gray and Schoch, 1962; Krog, 1971; Lagendijk and 
Pennings, 1970; Osman et al., 1961), because amylose 
complexes greater amounts of monoglycerides than does 
amylopectin. The ability of food emulsifiers to form 
insoluble complexes with amylose is dependent on their 
chemical configuration and solubility in water. 
The complex formation between surface active agents 
and the amylose fraction of starch is the linear amylose 
fraction of starch forms a helical structure. In the 
helical form the interior surface is built up by C-H 
groups and glycosidic oxygen atoms forming a lipophilic 
core, while all the polar OH groups are positioned on the 
outer surface of the helix (Mann and Morrison, 1974). The 
helical form is thus stabilized by the presence of long 
hydrocarbon chains which meet the hydrophobic solvation 
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requirements of the helix. The inside diameter of the 
amylose helix is 4.5 to 6.0 A, depending on the number of 
glucose units per helical turn, which vary from 6 to 8 
(Krog, 1977). 
Carlson et al. (1979) showed that the hydrocarbon 
chain conformation inside the amylose helix seems to be 
ordered as in the crystalline state and their results 
indicate that the polar group is not included in the 
helix. Kim and Robinson (1979) reported that the amylose- 
surfactant complex significantly impedes b-amylolytic 
degradation of amylose. Furthermore, they found that 
complexes formed by ethoxylated surfactants (EMG or 
polysorbate 60) were soluble in water. Optimum complexing 
effect of monoglycerides with different chain length was 
found with saturated monoglycerides having a chain length 
from C14 to Clg. One mole of amylose reacts with 
approximately 20 moles of glycerol monopalmitate to form 
an insoluble complex in water (Lagendijk and Pennings, 
1970). Due to these complexes the flexibility of the 
amylose molecules will be reduced, so that the 
retrogradation rate of the amylose fraction and therefore 
also that of starch itself will decrease. Monoglycerides 
can delay staling of bread, and this has been attributed 
to the formation of such a monoglyceride-amylose complex. 
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3.6.2.2 The Interaction between Surfactants and 
Amylopectin 
Gray and Schoch (1962) demonstrated that the presence 
of polyoxyethylene monostearate, stearic acid and mixtures 
of monoglycerides decreased the gelatinization of waxy 
sorghum starch. From DSC studies, Eliasson (1983) and 
Russell (1983) reported that the crystallization of 
amylopectin is decreased in the presence of emulsifiers. 
They (Gray and Schoch, 1962; Krog, 1971; Lagendijk 
and Pennings, 1970; Osman et al., 1961) suggested that 
amylopectin may form a complex between some of its outer 
branches and the fatty acids of the monoglycerides. 
Lagendijk and Pennings (1970) reported the formation of an 
insoluble precipitate when amylopectin and various 
monoglycerides were present in model systems. Amylopectin 
was found to complex to the greatest extent with glyceryl 
palmitate (GMP), followed by glyceryl monomyristate (GMM) 
and glyceryl monostearate (GMS), respectively (Batres and 
White, 1986). On the other hand Krog (1971) and Krog and 
Nybo Jensen (1970) reported no complex formation between 
monoglycerides and amylopectin. 
3.6.3 Effects of Some Surfactants on The Functionalities 
of Bread 
For surfactants to function as dough conditioners and 
crumb softners, they are commonly used in bread type 
products (Birnbaum, 1977). Surfactants can strengthen the 
32 
dough framework of the protein-lipid interaction both at 
the mixing and the oven stages (Pomeranz, 1981). Junge et 
al. (1981) proposed that some surfactants improve the 
bread grain by allowing the dough to form many small 
uniform air cells. Ebeler and Walker (1984) proposed that 
emulsifiers improve cake volume and grain by enhancing air 
incorporaion and lipid dispersion. 
3.6.3.1 Sodium Stearovl Lactvlates 
The anionic stearoyl lactylates are esters of lactic 
acid and fatty acids, usually partially neutralized in the 
form of sodium stearoyl-2-lactylate (SSL), or calcium 
stearoyl-2-lactylate (CSL). SSL contains large polar 
group, high hydrophilic/lipophilic balance (HLB) value. 
It forms lamellar liquid crystalline or gel phases in 
water depending on the temperature and provided the pH is 
above 5 to 6 (Krog and Birk Lauridsen, 1976). When the 
temperature is above the Kraft point, a liquid—crystalline 
mesophase is formed. On cooling below the Kraft point, a 
gel structure consisting of bimolecular lipid layers is 
formed (Krog, 1981). 
Addition of SSL tended to reduce the time to optimum 
development of dough, when measured by Barbender 
farinograph (Watson and Walker, 1986). Tsen and Weber 
(1981) found that absorptions of yeasted dough, measured 
by farinograms, were not significantly altered by the 
addition of 0.5% of various emulsifiers, but that SSL, 
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CSL, and erthoxylated monoglycerides (EMG) delayed 
developing time. However, SSL, CSL, and diacetyl tartaric 
acid esters of monoglycerides and diglycerides (DATA) 
shortened proof time, promoted gas production, and 
increased stability. Watson and Walker (1986) found that 
the mixing endurance decreased with the concentration 
(0.5, 1.0, and 1.5% of flour weight basis) of SSL. 
3.6.3.2 Sucrose Esters 
Sucrose fatty acid esters, among the newer food-grade 
emulsifiers available, have been shown to have beneficial 
effects on volume and tenderness of high-ratio white layer 
cakes (Ebeler an Walker, 1984) and bread (Breyer and 
Walker, 1983). Pomeranz et al. (1969) also observed that 
sucrose esters increased loaf volume and improved crumb 
grain and softness. 
Addition of sucrose esters (HLB values of 6, 11, and 
15) tended to reduce the time to optimum development of 
dough, when measured by Barbender farinograph. Among 
them, the sucrose ester with HLB value of 11 had the 
greatest effect. The mixing endurance of dough increased 
with concentrations of 0.5%, 1.0% and 1.5% (flour weight 
basis) and HLB values of the sucrose esters (Watson and 
Walker, 1986). 
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3.6.3.3 Monoalveerides 
When a monoglyceride emulsifier is used in the bread 
formula, the fatty acid "tail" fits in the amylose helix 
and keeps it from unwinding to form the crystalline areas 
(van Osnabrugge, 1989) . This complex formation has been 
used to explain the positive effects of emulsifiers on the 
staling of bread either directly, by preventing the 
amylose molecules from crystallizing (Kulp and Ponte, 
1981; Zobel, 1973), or indirectly, by changing the water 
distribution in the bread (Pisesookbunterung and 
D'Appolonia, 1983a). 
When monoglycerides are added to a bread dough in the 
form of b-crystalline hydrates, the thin b-crystals adsorb 
to the surface of starch granules during dough mixing. 
During the baking process the b-crystals of monoglycerides 
transform first into the a-crystalline state and then into 
a liquid crystalline phase in which form the 
monoglycerides are active in amylose complex formation. 
This may take place at temperatures of about 50°C and well 
before the starch granules begin to gelatinize. The 
swelling of starch granules in bread is therefore delayed 
and the amount of free amylose formed is diminished by the 
reaction with surfactants, resulting in a softer crumb 
structure. Because reduced swelling of starch granules 
makes more water available for the gluten phase, it may 
indirectly influence the moisture distribution between 
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starch and gluten (Willhoft, 1973). How much surfactants 
can influence the retrogradation of amylopectin, a major 
factor in the complicated bread staling process, is not 
quite clear. 
One-half per cent of various monoglycerides were 
introduced in 1.5% shortening and added to the dough. 
Among them monopalmitate gave the best anti-firming 
effect. Amount of monopalmitate bound in the complexes 
was 112.2m mole to 12.4xl02g amylose. 
The relationship between the complex-forming capacity 
of amylose and the compressibility values of bread was 
found to be linear after 48 and 72 hours. It was 
concluded that complex formation between monoglycerides 
and amylose has great influence on bread firmness during 
storage (Lagendijk and Pennings, 1970). 
3.6.3.4 Shortening 
One of the major functions of shortenings is to 
reduce the amount of binding between gluten proteins and 
carbohydrates in wheat flour. The resulting strands are 
less dense and shorter, causing the texture to be softer 
and more tender (King, 1989). Doughs made with and 
without shortening typically proof to the same height but 
differ greatly in final loaf volume (Baker and Mize, 1942; 
Elton and Fisher, 1966). Doughs made with shortening have 
been shown to continue to expand for a longer time and to 
a higher temperature, thus attaining a larger volume than 
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doughs made without shortening (Elton and Fisher, 1966; 
Junge and Hoseney, 1981). 
Moore and Hoseney (1986a) found that doughs made with 
and without shortening expanded at the same rate during 
heating until the internal temperature reached 55°C. 
Doughs made with shortening continued to expand at the 
same rate, whereas doughs made without shortening expanded 
at a much reduced rate. 
Measurement of dough rheology showed that dough 
without shortening undergoes a change about 55°C, but 
dough with shortening does not. Thus, the increased loss 
of carbon dioxide at higher temperatures was found to be 
the result of a rheological change in the dough that 
restricated expansion rather than increased permeability 
of the dough to carbon dioxide (Moore and Hoseney, 1986b). 
3.7 Instrumentation 
3.7.1 The Application of DSC to Study Thermal Properties 
of Wheat Polymers 
In the baking industry, two major functional 
components-carbohydrates and proteins-are amorphous 
polymers which possess non-equilibrium nature (Blanshard 
1986, 1987, 1988; Levine and Slade, 1987, 1988a; Slade 
1984; Slade and Levine 1984, 1987a, 1988a-d; Slade et al., 
1988) . Thermal and thermomechanical analysis methods have 
been shown to be particularly well-suited to study such 
non-equilibrium systems (Turi, 1981). DSC and dynamic 
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mechanical analysis (DMA) have become established methods 
for characterizing the kinetic transition from glassy 
solid to the rubbery liquid state which occurs at Tg in 
completely amorphous and partially crystalline polymer 
systems (Fuzek, 1980). 
DSC results have been used to demonstrate the 
validity of the concept that product quality and stability 
often depend on the maintenance of food systems in 
kinetically-metastable, dynamically-constrained, time- 
dependent glassy and/or rubbery state. These non¬ 
equilibrium physical states determine the time-dependent 
thermomechanical, rheological, and textural properties of 
food ingredients and products (Levine and Slade, 1986, 
1988a-f; Slade, 1984; Slade and Levine, 1984, 1987a, b, 
1988a-e; Slade et al., 1988). 
3.7.2 The Application of NMR to Study Water Mobility 
NMR spectroscopy is one of the most successful 
techniques to investigate water binding and water mobility 
in biological systems (Baianu et al., 1985? Eisenstadt and 
Fabry, 1978; Fuller and Brey, 1968; Hansen, 1976; Lang and 
Steinberg, 1983; Leung et al., 1979, 1983? Steinberg and 
Leung, 1975; Ulmius et al., 1977). NMR has been used to 
study several aspects of starch hydration, such as total 
water content (Pande, 1975), bound water capacity 
(Mousseri et al., 1974; Shanbhag et al., 1970? Toledo et 
al., 1968), water mobility and associated water binding 
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mechanisms (Callagen et al., 1983; Henning and Lechert, 
1974), and gelatinization and swelling phenomena (Basler 
and Lechert, 1973; Henning et al., 1976). 
The majority of NMR studies of food systems have been 
carried out by probing the proton (1H) nucleus. However, 
difficult problems with the interpretion of 1H NMR 
relaxation data in macromolecular systems are 1) the 
cross-relaxation between the bulk of the water protons and 
protons of the macromolecule and 2) the proton exchange 
between distinct states of water, i.e. "bound" and "free" 
water. These two relaxation mechanisms contribute 
significantly to the water proton line broadening (Edzes 
and Samulski, 1978; Kalk and Berendsen, 1976; Koening et 
al., 1978). Therefore, recent interest in measuring water 
binding and hydration of macromolecules has been directed 
at oxygen-17 (170) NMR (Halle and Wennerstrom, 1981; 
Laszlo, 1983; Lioutas, 1984; Lioutas et al., 1985). 
The advantage of measuring 170 is that, except for a 
narrow pH range around neutral, the 170 relaxation is not 
influenced by proton (deuterium) exchange with prototropic 
residues on the protein (Halle and Wennerstrom, 1981). 
Therefore, the 170 relaxation can only be affected by 
exchange of entire water molecules. Thus, the use of ^70 
NMR eliminates the potential problem of cross-relaxation 
found in ^H NMR. 
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CHAPTER 4 
OBJECTIVES 
/ 
It is clear that studies of bread components at the 
molecular level are crucially needed in order to truly 
understand the mechanism of changes during processing and 
storage. Literature shows that various ingredients, such 
as water, sucrose and surfactants, play major roles in 
bread characteristics. Because water is the most abundant 
plasticizer in foods and because it has been known to 
affect staling, it is hypothesized that shifting in the 
state of water in the presence of other ingredients plays 
a key role in determining the final characteristics. 
This work will test the hypothesis by applying some 
unambiguous techniques to determine the water sorption, 
water mobility, and the thermal properties in relation to 
wheat gluten and starch. The water mobility measurement 
will be determined by 2H and 170 NMR and the polymeric 
properties by DSC. Starch retrogradation will be observed 
by DSC and polarized microscopy. The effects of 
surfactants on microstructure of breads will be studied by 
light microscopy. 
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Specifically, the objectives of this work are: 
1. To study water sorption properties or water-solid 
interactions in gluten and starch as affected by 
sucrose. 
2. To study the effects of water and sucrose on thermal 
transitions of wheat polymers. 
3. To study the effects of surfactants on bread 
microstructure and starch retrogradation upon 
staling. 
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CHAPTER 5 
EXPERIMENTAL APPROACHES 
5.1 Study of Model System 
In this system, study will focus on the effects of 
moisture, sucrose, and surfactants on the physicochemical 
properties of gluten or starch. 
First, it is necessary to determine the water-polymer 
interaction by sorption. The effects of sucrose on water 
sorption will be evaluated. In addition, the water 
mobility as determined by NMR will be conducted to 
evaluate the degree of binding. Samples will be 
equilibrated against saturated salt solutions at different 
aw, to obtain various moisture contents for studying: 
1. Water sorption properties of gluten or starch, 
2. Water sorption properties of freeze dried gluten or 
starch with 10%, 20%, and 30% sucrose mixtures, 
3. The interactions among water-sucrose-gluten or 
water-sucrose-starch determined from the 
sorption data and 170 NMR spectra. 
Secondly, once the water-polymer interactions are 
determined, the structural effects will be investigated by 
the DSC. The plasticizing effects of water, sucrose and 
surfactants will be determined as follows: 
1. Thermal properties of wheat polymers at various 
moisture contents. 
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2. Thermal properties of wheat polymer-sucrose mixtures. 
3. Thermal properties of wheat polymer-surfactant 
mixtures. 
4. Water mobility upon heating and cooling of gluten and 
starch. 
5.2 Study of Bread System 
Finally, since surfactants may also affect the 
microstructure of bread in addition to their chemical 
interaction with wheat polymers, they are tested on a 
bread system. The effects of these additives on the 
microstructure of bread and the degree of starch 
retrogradation during staling will be determined. 
In this system, bread samples will be made from a 
"standard formula" with selected surfactants and the 
following studies will be conducted: 
1. starch retrogradation will be quantitatively studied 
by DSC and qualitatively observed by polarized 
microscopy. 
2. Bread microstructure will be studied by light 
microscopy. 
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CHAPTER 6 
MATERIALS AND METHODS 
6.1 Materials 
Wheat gluten and wheat starch were obtained from 
Manildra Milling Corp. (Minneapolis, MN). Sucrose and 
salt were analytical grade (Fisher Scientific, Inc., Fair 
Lawn, NJ). Deuterium oxide and 170 were obtained from 
Wilmad Glass Co., Inc. (Buena, NJ). The surfactants were 
food grade and included sucrose fatty acid ester (sucrose 
ester), monoglycerides, and sodium stearoyl lactylate 
(SSL) . 
Freeze-dried sucrose-starch and sucrose-gluten 
mixtures were prepared from materials as above. Wheat 
starch or gluten with 10, 20, and 30% sucrose content (dry 
weight basis) were hydrated with 4 times of deionized 
distilled water overnight. Then, the samples were freeze- 
dried at 3 microns Hg pressure and room temperature for 36 
hours. They were then ground and kept dry in a desiccator 
at room temperature. 
Ingredients for bread (all-purpose wheat flour, non¬ 
fat dry milk, margarine, sugar, active dry yeast, and 
salt) were obtained from local markets. 
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6.2 Methods 
6.2.1 Sorption Isotherm 
Gluten or starch and their mixtures with sucrose were 
equilibrated against saturated salt solutions of known 
%Relative Humidity (RH) or water activity (aw), ranging 
from 0.33 to 0.93 (Stokes and Robinson, 1949; Greenspan, 
1977) , in the Proximity Equilibration Cell (PEC) (Lang et 
al, 1981) at 25°C. The equilibrated moisture content was 
obtained from the weight gain. All samples were weighed 
every day after the third day until no weight change was 
observed after three consecutive readings. All isotherms 
were obtained at least in duplicates; the experiment error 
was less than 2% and, therefore, only the average values 
were presented here. 
6.2.2 Moisture Content 
Moisture content was determined by the vacuum oven 
method (AOAC, 1970) at 60°C and 29.8 in. Hg for 36 hours. 
6.2.3 Study of Water Mobility or Molecular Interaction 
Studies bv NMR 
2H and 170 nuclear magnetic resonance (NMR) were 
conducted to study the interactions among starch or 
gluten, sucrose, and moisture. The spectra were obtained 
at 46 MHz on a Varian (XL-300) NMR spectrometer for 
samples equilibrated to 0.88 and 0.93 Aw by using 
deuterated, or 170-enriched water. The spin-spin 
relaxation time, T2, was calculated as 1/wfr. where aV was 
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the D2O line width at half height. The water mobility was 
determined from the line width. R2 (relaxation rates for 
water) was calculated as R2 =*Au. 
In 2H experiments, spectra were obtained with a 90° 
pulse width of 10 usee, 100 scans and an equilibrium 
recycle time of 0.2 seconds. In ^0 experiments, the 
number of scans varied from 27,000 to 12,500 depending on 
the concentration of the sample. 
13C NMR spectra were obtained at 75 MHz on the same 
spectrometer, with an internal 2H lock on the D20 in the 
mixtures and proton decoupling was used. Spectra were 
obtained with a pulse width of 16 usee, 3200 scans and a 
recycle time of 1.8 sec. For chemical shift measurements, 
spectra were referenced to an internal tetramethylsilane 
(TMS) standard. 
6.2.4 Study of Thermal Transitions by bSC 
A Perkin-Elmer Differential Scanning Calorimeter 
(DSC)-2 was used for studying the phase transition 
temperature of starch and gluten. The sample preparation 
was conducted according to two methods. For the low 
moisture content (up to 25%), starch or gluten and its 
sucrose mixtures were done by the sorption techniques. 
After equilibration, samples were weighed and sealed in 
the stainless steel pans (Perkin-Elmer cat. no. 319-0218) 
for phase transition study. For the high moisture 
contents (higher than 25%), samples were weighed and mixed 
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with water directly. They were kept at room temperature 
overnight before study. For starch gelatinization and 
retrogradation in the model system studies, experiments 
were done at 10°C/min heating rate and from 27 to 127°C. 
For starch retrogradation in the bread system studies, 
experiments were done at 20°/min heating rate and from 27 
to 127°C. For glass transitions of starch and gluten in 
the model system studies, experiments were done at 20°/min 
heating rate and from 27 to 197°C. 
6.2.5 Bread Making and Sampling 
The following formula was taken as standard bread 
formula for this research. 
Standard Bread Formula 
800.0 grams 
480.0 grams 
121.0 grams 
42.0 grams 
37.5 grams 
14.6 grams 
12.0 grams 
all purpose wheat flour 
water 
non fat dry milk 
margarine 
sugar 
active dry yeast 
salt 
The bread making procedure was modified from Klein et 
al. (1980). The flour was sifted twice before use. The 
water and margarine were combined and heated to 52°C and 
added to the dry ingredients. The mixture was beaten with 
a wire whisk attachment for 2 minutes at speed 2. One- 
third more of the flour was added and the mixture kneaded 
for 2 minutes at speed 2, using the dough hook attachment. 
The remaining flour was added and the dough kneaded with 
the dough hook at speed 2 for an additional 6 minutes. 
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The dough was weighed into two equal portions and 
set for 60 minutes in an incubator at 30°C and 
approximately 95% relative humidity. After setting, the 
dough was punched down and remained covered for 15 
minutes. Five hundred grams of dough was weighed, and 
kneaded, shaped, and placed into a bread pan. The dough 
was set at 30°C again until the dough reached a height of 
1.25 inch above the edge of the pan. Then it was baked in 
a conventional oven at 190°C for 20 minutes. After 
baking, breads were removed from the pans, and cooled on a 
wire rack. 
Four 1.25 inch slices (as shown in Fig. 3A a-d) from 
each loaf of bread were used. A 1.25 inch cork borer was 
used to cut the bread from the center of each slice (Fig. 
3B). Then this 1.25 inch diameter cylindrical sample was 
kept in a sealed can. Eight to 10 replications from 
different sections, loaves, and batches of each treatment 
were obtained. 
6.2.6 Sample Preparation for Light Microscopy 
Bread samples were cut into 5x10x20 mm, frozen with 
liquid nitrogen and then freeze-dried. The freeze dried 
bread was infiltrated with xylenes and protoplast 
embedding medium mixtures (2:1 and 1:1) for 30 minutes, 
respectively, then transferred to pure protoplast 
embedding medium under vacuum for 30 minutes. The sample 
was transferred to fresh pure protoplast embedding 
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Figure 3. Bread sectioning and sampling: (A) top view 
of a bread loaf, a-d sections were taken 
for bread sampling; (B) 1.25" diameter 
cylindrical bread was taken from each 
section for experiment. 
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medium for overnight, then embedded with protoplast 
embedding medium. 
The embedded bread was sectioned with a cryo- 
microtome (American Optical Model 851C and 852C, Cryo-Cut 
II) into 10 to 2 0 /im thin sections. The thin sectioned 
bread was transferred to gelatin coated slides and then 
observed under a regular light microscope for structural 
study, or under a polarized light microscope for starch 
retrogradation observation. 
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CHAPTER 7 
RESULTS AND DISCUSSIONS 
7.1 Effect of Sucrose on Water Binding Behavior of Wheat 
Gluten as Determined bv 2H. 170 and 13C NMR 
7.1.1 Sorption Isotherm Studies 
Smith (1947) sorption isotherms for gluten, sucrose 
and their mixtures are shown in Figure 4. Freeze dried 
gluten (with no sucrose added) sorbed water linearly with 
only a slight break at aw below 0.82. All freeze-dried 
mixtures showed some sorption behavior intermediate 
between those of the pure gluten and pure sucrose. At aw 
above 0.86, where sucrose dissolved into a solution, the 
amount of water sorbed increased with increasing sucrose 
content, as expected. 
The experimental sorption data were compared with the 
calculated values in Figure 5. At aw values below 0.80, 
there was a good agreement between the experimental and 
calculated data. For aw values between 0.80 and 0.86, 
experimental water sorption was greater than the 
calculated values, indicating a presence of some amorphous 
sucrose in the freeze-dried samples (Chinachoti and 
Steinberg, 1984; 1986b). 
As aw increased above 0.86, the experimental values 
were slightly lower than calculated values. As aw 
51 
Figure 4. Smith isotherms of gluten in the presence 
of sucrose at 0, 10, 20, 30, and 100-6 dry 
basis, at 25°C. 
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FREEZE-DRIED SUCROSE:GLLrTEN(10:90) 
Figure 5. A comparison of water sorption isotherm 
between the calculated and experimental 
values for a sucrose-gluten (10:90) 
mixture. 
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increased further to 0.93, a significant reversal was 
found, i.e., more water was sorbed than expected. 
Discrepancies between the experimental and calculated 
values at lower aw (0.88 and 0.90) were less significant 
(about 2 to 10% deviation), for those at 0.93 aw (about 10 
to 20% deviation), for the case of 10% and 20% sucrose. A 
similar result was found in a previous study of sucrose- 
gluten mixture (Chinachoti and Steinberg, 1988) where the 
discrepancies at lower aw were not significant. 
The deviation in experimental water sorption from the 
calculated values dictated that at least one of the 
components did not sorb water independently. This was in 
an agreement with the results earlier found by Chinachoti 
and Steinberg (1988) . 
Moisture discrepancies at 0.93 aw were plotted 
against the total sucrose content (dry basis) in Figure 6. 
The discrepancy increased with sucrose content to a 
maximum at about 10% sucrose, dry basis. The discrepancy 
then decreased to approach zero at about 25 to 30% 
sucrose. This was taken to mean that the degree of 
sucrose-gluten interaction increased as the sucrose 
content increased. As one can see from Figure 6, when the 
sucrose content increased beyond the peak, the moisture 
discrepancy decreased; this could be the result of two 
effects: 1) the sucrose affected the ability of the gluten 
to sorb water differently at various sucrose 
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Figure 6. Moisture discrepancies between the 
experimental and calculated values in 
sucrose—gluten mixtures at 0.93 The 
data for the open circle were obtained 
from Chinachoti and Steinberg (1988). 
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contents, and 2) the presence of higher sucrose levels 
resulted in a much higher amount of water associated with 
sucrose than gluten, and therefore the effect on the 
increased moisture sorption of the gluten became less 
significant. 
7.1.2 NMR Studies 
Examples of 2H and 170 NMR spectra are shown in 
Figure 7 for the case of a gluten sample of 50% moisture 
content. Normalized R2 (R2*) obtained from such spectra 
were scaled, or normalized, to the free water relaxation 
rates of the corresponding nuclei (R2 solvent (2H) = 2.38 
s”1 and R2 solvent (170) = 196.6 s”1. 
7.1.2.1 Deuterium NMR 
Figure 8 showed that the normalized R2*, for gluten, 
sucrose and their freeze-dried mixtures, slowly increased 
with the solid/water ratio up to 2g solids/g water. As 
expected, sucrose by itself showed the lowest normalized 
R2*. For the case of gluten, the curve was initially 
linear and then deviated upward at about a solid/water 
ratio of 4. In the sucrose-gluten mixtures, the 
normalized R2* also deviated upward from the linear curve 
at some lower solid concentration above 2g solids/g water, 
depending on the sucrose content. As the sucrose content 
was increased, this deviation began to occur at a lower 
solid/water ratio. 
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Figure 7. 2H and 170 NMR spectra with wheat gluten of 
50% water (D20 or H2017, respectively) at 
20°C. Acquisition conditions: 16 scans for 
the 2H NMR spectrum and 46,530 scans for 
170 NMR spectrum. Recycling times were: 
0.2 sec and 15 msec, respectively. 
Spectral widths were: 10,000 and 15,000 Hz, 
respectively. 
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Figure 8. The concentration dependence of the 
normalized 2H NMR transverse relaxation 
rates for freeze- dried gluten and sucrose- 
gluten mixtures, and sucrose* in D20. 
Normalized rates were calculated with R2 
solvent (2H) = 2.38 s-1. 
* from Richardson et al., 1987b. 
59 
Based on an isotropic two-Mstate" fast-exchange model 
(Zimmerman and Brittan, 1957), one would expect to obtain 
a linear dependence on concentration; the observed 
deviation of normalized R2* from linearity was taken to 
indicate some additional contributions to relaxation, 
i.e., new mechanisms of water-solid interactions (Mora- 
Gutierrez and Baianu, 1989). In the case of gluten, this 
might also apply to the water-gluten interaction that 
occurred when the gluten was concentrated. Sucrose caused 
the deviation to occur at some lower solid/water ratio, 
indicating a decrease in water mobility. However, the 2H 
NMR results could not quantitate the decreased mobility 
due to the large deuteron exchange in the samples. 
Therefore, the effect of sucrose was further investigated 
by applying the 170 NMR. 
7.1.2.2 Oxvqen-17 NMR 
The 170 nucleus has both quadrupole magnetic and 
moments, but it is not subject to the chemical exchange 
which is experienced by the and 2H nuclei of water 
(D20). Therefore, 170 NMR relaxation data, theoretically, 
should provide a true measure of water mobility (Kakalis 
and Baianu, 1989). Figure 9 shows the normalized R2* for 
170 as plotted against the solid concentration. The 
normalized R2* was found to deviate from linearity in all 
cases as the solid concentration increased (Figure 9). 
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SOLID/WATER RATIO, g dm/g WATER 
Figure 9. The concentration dependence of the 
normalized 170 NMR transverse relaxation 
rates for freeze-dried gluten and gluten- 
sucrose mixtures, and sucrose* in H2017. 
Normalized rates were calculated with R2 
solvent (170) = 196.6 s“l. 
* from Richardson et al., 1987b. 
61 
The deviation was observable at the solid/water ratio 
greater than 2. As the sucrose content increased to 20% 
and 30%, this deviation was more drastic, i.e., the 
normalized R2* sharply increaed to a higher value than the 
pure gluten sample at the solid/water ratio greater than 
2 . 
For pure sucrose, the curve was relatively flat with 
some curvilinearity observed at the solid/water ratio of 
about 1 to 1.5, that then levelled off to reach an 
asymptotic value. As described by Richardson et al. 
(1987a), this value corresponds to the mobility of water 
associated with the sucrose, i.e., "bound" water. The 
asymptotic R2 value was used to calculate the correlation 
time for bound water, rct), using the following equation: 
R2b _ _ Tcb 
R2 f rcf 
R2b 
where-is the normalized R2*, 
R2 f 
R2f was the (170 NMR) relaxation rate for free water, 
196.6 s"1. 
rcf was the correlation time for the free water, 4.7 
ps. 
The calculated Tck obtained here was 89 ps which is 
in the range of reported values for sugars, 83.3 ps (Tait 
et al., 1972), 59.3 ps (Suggett and Clark, 1976), and 85 
ps (Richardson et al., 1985; Richardson et al., 1987a). 
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In gluten-containing systems, all normalized R->* 
values in Figure 9 shoved an initial linearity up to about 
a solid/vater ratio of 2. A further increase in the 
solid/vater ratio resulted in some increase in the 
normalized R2*, causing a deviation from linearity. As 
compared to the gluten curve (Figure 9), the added 10% 
sucrose slightly reduced the R2* of water, i.e., the water 
became slightly more mobile. As the sucrose content 
continued to increase to 20% and 30% (Figure 9), the curve 
deviated upward much more sharply starting at some lower 
solid/vater ratio. As a result, the end tails of these 
curves were much higher than those of the pure components; 
this effect was quite large. The R2* rose abruptly to 4 
times the value for the 20% sucrose sample as the solid 
content increased from 2.7 to 3.5 g solids/g water, and 11 
times for the 30% sucrose sample as the solid content 
increased from 2.3 to 3.0 g solids/g water (Figure 9). 
This sharp rise in R2* due to sucrose addition could 
be the result of two possible mechanisms. Firstly, 
sucrose modified the gluten surface such that there was an 
increased affinity for water and thus the water showed a 
decrease in mobility. Secondly, sucrose increased the 
aqueous solution viscosity within the gluten sample, 
resulting in the 170 NMR line broadening. This line 
broadening could be enhanced if the sucrose became 
amorphous, as shown by Richardson et al. (1987a) 
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We do not know whether the less mobile water was 
actually "bound". If it was, the R-,* at some high 
solid/water ratio should be reaching some asymptotic value 
for bound water. If it is assumed that the R value at 
the highest solid/water ratio from each curve in Figure 9 
represents the asymptotic R2*, i.e., the R2b for the less 
mobile (bound) water of the corresponding sample, wo can 
calculate the "bound" water for each case as explained 
earlier for the case of sucrose. These values from Figure 
9 (72.665, 63.581, 101.729, and 226.043 for 0, 10, 20, and 
30% sucrose, respectively) were used to calculate rcb 
using the equation (1). The calculated rcb, were 0.340, 
0.299, 0.478, and 1.062 ns, for 0%, 10%, 20%, and 30% 
sucrose sample, respectively. In agreement with the R2* 
data, the rcb value slightly decreased as the sucrose 
content increased to 10% and then increased very 
significantly as the sucrose level was raised to 20% and 
30%. Because these values were hypothetical, based on the 
last points on each curves, they did not represent the 
real rcb but they represented lower possible estimates for 
the real Tcb. As expected from a comparison of these 
values with the actual rcb for other proteins, such as for 
lysozyme (Kakalis and Baianu, 1988), these estimated lower 
limits were probably very small because the values from 
this work were not obtained from the asymptotic 1*2** ^ 
could be concluded, however, that in the presence of 
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sucrose the minimum possible values of 6cb increased by 
about 60% from 0.299 to 0.478 ns as the sucrose content 
increased from 10% to 20%, and by at least 122% (from 
0.478 to 1.062 ns) as the sucrose content increased from 
20% to 30%. In other words, in the range of solid 
contents between 2.8 and 4.5 g dry matter/g water, the 
average water mobility decreased drastically as the 
sucrose content increased from 10% to 30%, respectively. 
7.1.2.3 Carbon-13 NMR 
13C NMR spectra were obtained for samples 
equilibrated at 0.88 and 0.93 aw. Those at 0.88 aw were 
too broad to be interpreted accurately and thus only those 
at 0.93 a„ were presented. A comparison among the spectra 
of pure sucrose (A), a sucrose-gluten mixture (B), and 
pure gluten (C) is shown in Figure 10. The carbon-13 
peaks of sucrose were located between 70 and 120 ppm 
relative to TMS (Figure 10A). Gluten (Figure 10C) showed 
no peak within this range and, therefore, the two spectra 
did not overlap (although the pure gluten sample showed 
some small peaks between 70 and 120 ppm due to the trace 
amount of starch in the sample). As compared to other 13C 
NMR spectra from literature (Augustine and Baianu, 1986; 
Baianu, 1981; Baianu and Forster, 1980; Baianu et al., 
1982; Moonen et al., 1985; ), our 13C NMR spectra were not 
well resolved at all. This was due probably to various 
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factors, such as the difference in sample moisture 
content, sample preparation and proton decoupling 
techniques. Therefore, the gluten peaks in Figure 6 could 
not be used to monitor specific carbon groups; the 
measured location of the peaks and the breadth of the 
bands had little interpretative value since each band 
contained more than one carbon peak. It was observed, 
however, that as sucrose was added to the gluten at 0.93 
aw, there seemed to be a slight down-field shift in the 
location of the carbonyl band, accompanied by a narrowing 
of the band. Because this band might include at least two 
carbonyl peaks (Ablett et al., 1988; Augustine and Baianu 
1986), no conclusion could be made in terms of specific 
changes in gluten conformation. It was hypothesized, 
however, that if some changes in the carbonyl groups 
should occur in the presence of sucrose, changes in the 
hydrogen bonding between some carbonyl groups and other 
functional groups, (e.g. amide) might occur, as suggested 
by Govil and Hosur (1982). This role of hydrogen bonding 
with the amide groups of glutamine was suggested to play 
an important role in influencing the gluten functionality 
(Bushuk, 1984). 
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7.2 Effect of Sucrose on Water Binding Behavior of 
Wheat Starch as Determined bv Sorption Isotherm 
and 170 NMR 
7.2.1 Sorption Isotherm Studies 
Smith sorption isotherms (1947) for freeze-dried starch 
and starch-sucrose mixtures are shown in Figure 11. The 
sorption isotherm for starch (Figure 11, 0% sucrose) was 
linear. That of sucrose (Figure 11, 100% sucrose) at 0.86 
aw sorbed a considerable amount of water to become a 
saturated sucrose solution (Chinachoti and Steinberg, 
1984). At aw above 0.86, where sucrose is in a solution, 
the moisture content increased with sucrose content as 
expected. 
All sorption isotherms for starch-sucrose mixtures 
were similar to that for starch (0% sucrose) at 0.30 to 
0.83 Aw (Figure 11). At aw higher than 0.83 those 
sorption isotherms fell between the curves of the two pure 
components, starch and sucrose. 
A mass balance equation (Lang et al., 1981) was 
applied to calculate the expected water sorbed by a given 
mixture and aw. This equation was based on the premise 
that, at any aw, each component in a mixture sorbed its 
complement amount of water independently. The 
experimental data and calculated values for all freeze 
dried starch-sucrose mixtures were compared as shown in 
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FREEZE-DRIED SUCROSE-STARCH 
p % SUCROSE, D.B. 
100 
WATER ACTIVITY 
Figure 11. Smith isotherms of starch in the presence 
of sucrose at 0, 10, 20, 30, and 100% dry 
basis, and at 25°C. 
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Figure 12. At aw below 0.86, the experimental data were 
slightly higher than those calculated. These 
discrepancies could be due to the hygroscopicity of 
amorphous sucrose presented in the freeze-dried samples. 
At aw above 0.86, the experimental values were lower than 
those calculated. Based on earlier work of similar 
systems (Chinachoti and Steinberg, 1984), this was taken 
to mean that each component did not sorb water 
independently and that sucrose interacted with starch and 
thus sorbed a lesser amount of water (Chinachoti and 
Steinberg, 1984, 1986); the moisture discrepancies from 
the expected values might have been due to some degree of 
sucrose-starch interaction. 
The moisture content discrepancies were then used to 
calculate the amount of interacted sucrose and were 
plotted against the total sucrose content, both on starch 
basis (Figure 13). From this interpretation, the degree 
of interaction increased with total sucrose content and 
decreased with increasing aw. These results were found to 
be similar to those of a sucrose-corn starch interaction 
(Chinachoti and Steinberg, 1984). For instance, at 0.30g 
total sucrose/g starch and 0.90 aw, about 0.075g sucrose 
was interacted with wheat starch as compared to 0.080g 
sucrose with corn starch. 
The solute-polymer interaction discussed above has 
been described (Chinachoti and Schmidt, 1990) to be either 
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Figure 12. A comparison of water sorption isotherms 
between the calculated and experimental 
values for a sucrose-starch (10:90) 
mixture. 
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Figure 13. The interaction of sucrose and starch at 
different aw. 
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physical or chemical. If it was chemical, some sucrose- 
starch hydrogen bonding might have been involved and 
appeared to be quite stable regardless of the water 
present. If the "interacted" sucrose was physically 
trapped, there must have been some regions where water 
could rarely penetrate inside to hydrate this sucrose 
(within the time frame of our experiment). 
In order to gain some estimate on how the sucrose was 
physically located we attempted to calculate the amount of 
sucrose that might have entered the starch granule before 
freeze-drying. We assume that, in order to be chemically 
interacted with the starch, the sucrose had to enter the 
granule during the hydration period before being freeze- 
dried. We found that the amount of sucrose that could 
enter the starch granules was only a fraction of the 
calculated "interacted" sucrose, showing that the values 
for "interacted" sucrose in Figure 13 were not all 
chemically "interacted" sucrose, but some physically 
"interacted" or "trapped" sucrose. 
For instance, a sucrose-starch mixture with 10% 
sucrose (dry basis) was hydrated to 80% moisture (or 40g 
water/g sucrose) in the aqueous phase before being freeze- 
dried. Assuming that starch could hold 0.45g water per 
gram starch (Dengate et al., 1978) and that there was no 
stearic exclusion of the sucrose from the starch granules 
(Walstra, 1973), O.Ollg sucrose/g starch (lg sucrose/40g 
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water x 0.45g water/g starch) would have entered the 
starch granules befor freeze-drying. This value (point A 
in Figure 13) was lower than any interacted sucrose level 
per gram of starch for the corresponding O.llg total 
sucrose/g starch (Figure 13). This had various 
interpretations. Firstly, it could be that some of the 
"interacted" sucrose in Figure 13 was chemically 
interacted and some physically trapped. Secondly, it 
could have been that our key assumption for the mass- 
balance calculation was not appropriate, i.e. the starch 
did not sorb its complement amount of water and, in fact, 
it could have less affinity for water as found earlier by 
Carrillo et al. (1988). It was likely that the physically 
trapped sucrose remained amorphous and located either 
outside or inside of the starch granules. This amorphous 
sucrose could not become fully hydrated due to the 
extremely slow equilibration process. 
7.2.2 Water Mobility Studies 
Since from sorption data, we could not draw a 
conclusion how water was affected by the "interacted" 
sucrose, we applied -^O NMR to study the water mobility in 
the mixtures. This technique has been shown by many 
scientists to unambiguously determine the water mobility 
with no interference from the chemical exchange and cross 
relaxation process mostly experienced when the and/or 
nuclei were used (Chinachoti and Stengle, 1990; Kakalis 
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and Baianu, 1988; Mora-Gutierrez and Baianu, 1989; Lo et 
al., 1990). An example of 170 NMR spectrum is shown in 
Figure 14 for the case of freeze-dried starch-sucrose 
(7:3) mixture. Most of the spectra in a range of <3 
solid/water ratio showed very high digital resolution 
(Figure 14). For starch at >3 solid/water ratio, however, 
the signal intensity decreased drastically due to a 
relatively low level of 170 nuclei in the samples. 
Therefore, the data from Chinachoti and Stengle (1990) 
were used since their samples were prepared exactly by the 
same person and technique, but with 1% 170 enrichment in 
the water. 
The T2 relaxation rates (R2) of all samples were 
normalized or scaled to the free water relaxation rate 
(196.6 s"1) obtained from an 170 NMR spectrum of the pure 
water at same temperature. 
The resulting normalized R2 (R2*) was then plotted 
against the solid/water ratio as shown in Figure 15. From 
Figure 15, R2* seemed to very slowly increase with an 
increasing solid content from pure water (0 solid/water 
ratio, where R2* = 1.0). For the case of pure starch and 
pure sucrose, the R2* increased more drastically (to R2* 
of 47 for starch and 5.3 for sucrose) as the solid content 
approached some critical values, 2g solid/g water for 
starch and 1.4g solid/g water for sucrose, respectively. 
Beyond these critical solid (or moisture) contents, the 
76 
2000 1000 0 -1000 -2000 Hz 
Figure 14. Example of an NMR spectrum for freeze 
dried 30% sucrose-starch mixture at the 
concentration of 2g solid/g water obtained 
from a Varian XL-300 NMR spectrometer at 
20°C with the number of scans of 40,000, 
pulse width of 15 isec. 
Figure 15. Normalized R2 for starch, sucrose and 
freeze-dried 10 and 20% sucrose-starch 
mixtures at different concentrations 
(solid/water ratio). 
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^2* rose' more so for the case of starch than sucrose, and 
then tended to approach some asymptotic values, 12.8 for 
sucrose and >70 for starch. It should be noted that at 
this point, sucrose became a saturated solution and that 
the further increase in solid content resulted in more 
crystals in the solution which was maintained at a 
constant concentration (Richardson et al., 1987a, b). In 
the case of starch, the curve seemed to be increasing 
beyond the solid content of 6.0. In freeze-dried sucrose- 
starch mixtures of both 10% and 20% sucrose on a solid 
basis, R2* increased linearly up to a solid/water ratio of 
3, and then curved up very slightly to the solid/water 
ratio of almost 6, and never reached an asymptotic value. 
The over all R2* values for the freeze-dried mixtures were 
quite low considering the relatively large portion of 
starch present. There was also no difference between R2* 
of 10% and 20% sucrose-starch mixtures at any given solid 
content. 
Based on an isotropic two-"stateM fast-exchange model 
(Zimmerman and Brittan, 1957) one would expect to obtain a 
linear dependence of R2* on solid concentration, if there 
were no water-solid interaction. The observed deviation 
of normalized R2* from linearity (e.g. as shown in Figure 
15) has been reported by Mora-Gutierrez and Baianu (1989) 
for corn starch and the previous section (Chapter 7.1) for 
wheat gluten, who proposed that it indicated new 
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mechanisms of water-solid interaction or an immobilization 
due to the increased internal viscosity. 
7.2.2.1 Sucrose 
For sucrose, the deviation of R2* from linearity 
occurred at 1.8g solid/g water (Figure 15). This 
concentration corresponded to its unfrozen water (Wg') 
35.9% w.b. (or, 1.79g solid/g water) (Levin and Slade, 
1990). According to Richardson et al. (1987a), the 
deviation of R2* from linearity in the case of sucrose 
(Figure 15) corresponded to an increased water-sucrose 
interaction as well as an increase in internal viscosity. 
At the solid/water ratio of 2, R2* reached an asymptote 
(Figure 15) which meant the mobility of water in this 
system remained constant regardless of any further 
increase in the solid concentration. 
7.2.2.2 Starch 
For starch, the deviation of R2* from linearity was 
drastic at a solid/water ratio above 2.0. This 
concentration was close to what has been classically 
identified as the water of imbition (45% d.b., Dengate et 
al., 1978). It was also interesting to note that this 
sharp rise in R2* also occurred over the range of moisture 
contents identified as its water binding capacity (33% 
d.b., Wootton and Bamunuarachchi, 1978; 38% d.b., Wootton 
et al.,1974) and its unfrozen water (Wg' = 27% w.b. or 
36.9% d.b., Levin and Slade, 1990). It was not clear at 
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this point whether such sharp increase in R2* was due to 
the "water binding" or the water kinetically immobilized 
due to an increased internal viscosity in the metastable 
amorphous regions (Levin and Slade, 1990). At the high 
solid content, above 3g solid/g water on Figure 15, R2* 
continued to increase in a more gradual fashion and seemed 
to be approaching some asymptotic level at solid/water 
ratio beyond 6. If this was the case, it means that the 
mobility of a portion of water (<15% d.b.) in close 
vicinity to the solid surface remained constant, 
regardless of any further increase in the solid 
concentration. This fraction of water then could be 
identified as "bound" water since all the water molecules 
would have the same mobility with some constant 
correlation time (fc)• This also means that increasing 
the internal viscosity in this range of concentration had 
little or no effect on the water mobility as compared to 
the restricted mobility resulting from solid-water 
interaction. 
If R2 at the asymptotic level represented 
relaxation rate for "bound" water, the correlation time 
for "bound" water (fcb) could be calculated from the 
following equation: 
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_R2b_ __Tcb 
R2f Tcf 
_ R2b 
where-is the normalized R~>*, 
R2f 
R2f (170 NMR) relaxation rate for free water, 
196.6 s’1. 
rcf is the correlation time for the free water, 4.7 
ps. 
Taking the R2* at the highest solid contents on each 
curve in Figure 15 to mean R2t/R2f' Tcb was calculated. 
The resulting rcb was 60.1 ps for sucrose and 338.4 ps for 
pure starch. The latter was found to be much higher than 
21.3 ps for corn starch with 21.7% water in dry basis 
(Richardson et al., 1987b), or 16.7 to 45.8 ps for wheat 
flour with 18.8% water in dry basis (Richardson et al., 
1985). This was because we test up to a very high solid 
content, where we went beyond the so-called capillary 
water range. 
7.2.2.3 Freeze-Dried Sucrose-Starch Mixtures 
For all of the freeze-dried starch-sucrose mixtures, 
R2* increased as solid/water ratio increased. Freeze- 
dried starch-sucrose mixtures had R2* similar to that for 
starch at the solid/water ratio of 2 or lower. Higher 
than this solid content, the R2* for freeze-dried starch- 
sucrose mixtures increased but did not do so as abruptly 
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as did that of pure starch, though they contained 80 or 
90% starch in the mixtures. 
R2* was not different between 10% and 20% sucrose- 
starch mixtures at 5g solid/g water (0.2g water/g solid). 
From sorption isotherm data (Figure 11), this 
concentration was the sucrose saturation point for both 
freeze-dried 10% and 20% sucrose-starch mixtures. 
Assuming that this point was already at the asymptote, 
then R2 was used to calculate *ch for freeze-dried 
sucrose-starch using the previous equation. The t cb for 
these two mixtures was 84.6 ps, which was similar to that 
for "bound" water in pure sucrose system, 89 ps. 
R2* was not different between 10% and 20% sucrose- 
starch mixtures at 5g solid/g water (0.2g water/g solid). 
From sorption isotherm data (Figure 11), this 
concentration was the sucrose saturation point for both 
freeze-dried 10% and 20% sucrose-starch mixtures. 
Assuming that this point was already at the asymptote, 
then R2 was used to calculate rcb for freeze-dried 
sucrose-starch using the previous equation. The t cb for 
these two mixtures was 84.6 ps, which was similar to that 
for "bound" water in pure sucrose system, 89 ps. 
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7.3 Gelatinization of Wheat Starch-Sucrose or -Salt 
Mixtures as Studied bv DSC 
Starch gelatinization is a non-equilibrium melting 
process which is controlled by the previous softening of 
the amorphous parts of the granules (Biliaderis et al., 
1985; Maurice et al., 1985; Slade and Levine, 1984a, b) . 
Thus, the extent of gelatinization is related to the 
amount of water present (Burt and Russell, 1983; Wootton 
and Bamunuarachchi, 1979). 
7.3.1 Gelatinization of Starch at Various Moisture 
Contents 
An example of DSC thermogram for starch 
gelatinization in the presence of 16 to 85% (weight basis, 
w.b.) moisture content is shown in Figure 16. The onset 
of gelatinization temperature is presented as TQ, the peak 
temperature as Tp, and the complete temperature as Tc. No 
gelatinization peak was observed for the starch with 16% 
moisture content within the heating range of 27°C to 
127°C. Collison and Chilton (1974) and Heilman et al. 
(1952) reported that no gelatinization was found when 
moisture content was lower than 30%. As moisture content 
increased, the gelatinization peak area increased and the 
peak shape changed from widened to sharp and symmetrical 
(Fig. 16). When moisture content was higher than 60% the 
84 
■P 
G 
QJ 
P 
<D 
4-1 
4-1 
u -H 
0) TJ 
4-> 
<D -P 
g <0 
P .G 
o o 
»H p 
<0 to 
0 ■P 
in 
t7> 
G ■P 
(0 
c <D • 
c x: W 
(0 > -P 
o c 
w 4-1 <D 
O -P 
1—( C 
<0 w O 
g O 
-P to 
G p <1) 
0) tp P 
P 0 P 
a) E -P 
4-1 p W 
4-1 <D •H 
-H JZ o 
Q -P g 
VO 
<D 
U 
P 
C7> 
-H 
IP 
85 
_ > I 
MOli IV3H 3*0 
86 
T
E
M
PE
R
A
T
U
R
E
 
(°
K
) 
gelatinization peak was symmetric (Fig. 16) which also 
found by Biliaderis et al. (1986a) in rice starch. 
The corresponding gelatinization endothermic energies 
for these starch samples are shown in Figure 17. It was 
0.47 cal/g starch for the mixture with 30% moisture 
content. When the water increased to 50%, it increased 
more than double to 0.99 cal/g starch. A drastic 
gelatinization endothermic energy increase was found at 
60% moisture content, 2.27 cal/g starch, which was about 5 
times of that for 30% moisture content. A gradual 
increase of the endothermic energy to 2.85 cal/g starch 
for the mixture with 80% moisture content was observed. A 
range of gelatinization endothermic energies from 2.4 to 
2.9 cal/g starch for wheat starch presented in 66.7% water 
had been reported by Stevens and Elton (1971). 
7.3.2 Gelatinization of Mechanically Mixed Solute-Starch 
Mixtures 
Salts and sugars are thought to retard or delay the 
starch gelatinization. However, there is considerable 
confusion in the literature about these characteristics 
due to the different techniques that have been used. For 
further understanding the effects of solutes on starch 
gelatinization, DSC was conducted and the solutes were 
done with sucrose and salt at 60% D2O (on starch and D2O 
weight basis) content. The concentration per cents of 
solutes were on starch basis, and the solutes were 
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Figure 17. Wheat starch gelatinization endothermic 
energies at different moisture contents. 
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mechanically mixed with starch and D20, respectively. The 
data for salt-starch-D20 mixtures are shown in Table 2 and 
for sucrose-starch-D20 mixtures in Table 3. 
The changes of TQ and Tp for these solute-starch 
mixtures were parallel. Thus, only Tp were taken to 
compare the effects of sucrose and salt on the starch 
gelatinization as shown in Figure 18. Without solute, the 
starch gelatinization temperature was 66.15°C and with 
salt-starch mixtures, Tp increased drastically to 74.73°C, 
for salt contents up to 10%. Also, salt contents up to 
30% were oberved to increase gradually to 75.74°C. 
Similar results have been found by Oosten (1979). 
For sucrose-starch mixtures, Tp increased about 
linearly with sucrose contents. Similar results have been 
found by Blanshard (1987), Lund (1984), Slade and Levine 
(1987a), and Zobel (1984). Obviously, salt was more 
effective in increasing gelatinization temperature than 
sucrose (Figure 18). 
The ability of salt to increase gelatinization 
temperature has been explained as the starch-electrolytes 
interaction, based on the theoretical chemical reaction 
that the hydroxyl groups of starch interact with cations 
which are released from salt in the aqueous solution 
(Oosten 1982, 1983). That effect of sucrose has been 
demonstrated by the inhibition of swelling of starch 
granules (Bean and Osman, 1959; Bean and Yamazaki, 1978; 
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Table 2. Gelatinization onset and peak temperatures and 
endothermic energies of starch mechanically mixed 
with salt (0.01, 0.02, 0.1, and 0.2%, on starch 
weight basis) and D20 (60%, on starch and D20 
weight basis). 
Salt Content 
(% starch basis) 
0.00 
0.01 
0.02 
0.10 
0.20 
Onset Temp* 
T0X°C1 
60.93+0.33 
64.82+0.21 
65.96+0.03 
70.08+0.17 
70.21+0.29 
Peak Temp* 
Tpl°Cl 
66.15+0.38 
70.45+0.25 
71.73+0.01 
74.73+0.18 
75.47+0.15 
Endo. Energy* 
cal/q starch 
2.39+0.07 
2.66+0.24 
2.80+0.11 
3.10+0.14 
3.10+0.09 
* standard deivation of 4 replications. 
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Table 3. Gelatinization onset and peak temperatures and 
endothermic energies of starch mechanically mixed 
with sucrose (0 to 40%, on starch weight basis) 
and D20 (60%, on starch and D20 weight basis). 
Sucrose Content 
(%. starch basis) 
Onset Temp* 
T (°C) 
Peak Temp* 
T_i°Cl 
Endo. Energy* 
cal/a starch 
0.0 60.93±0.33 66.15+0.38 2.39±0.07 
0.1 63.01+0.63 68.19+0.73 2.47+0.06 
0.2 64.67+0.09 69.85+0.19 2.50+0.10 
0.3 65.67+0.14 71.01+0.06 2.46+0.03 
0.4 67.48+0.14 72.88+0.18 2.62+0.06 
* standard deivation of 4 replications. 
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Figure 18. Gelatinization peak temperatures of wheat 
starch at different solute concentrations 
(on starch weight basis) in 60% D20 (on 
starch and D20 weight basis). 
D'Appolonia, 1972; Derby, 1975; Savage and Osman, 1978; 
Wootton and Bamunuarachchi, 198 0) , sugar-water interaction 
(D'Appolonia, 1972; Derby et al., 1975; Hoseney et al., 
1977), depression of aw (Evans and Haisman, 1982), 
perfection of crystallites (Evans and Haisman, 1982; 
Levine and Slade, 1990), sugar-bridges (Ghiasi et al., 
1983), and the antiplasticization of sugar-water 
cosolvents (Slade, 1984; Slade and Levine, 1984, 1987a), 
but not due to the molecular size or chemical composition 
(Spies and Hoseney, 1982) . 
The gelatinization endothermic energy of solutes- 
starch mixtures were plotted against the concentration of 
solutes as shown in Figure 19. The gelatinization 
endothermic energy for starch alone was 2.39 cal/g starch. 
A drastic increase was observed and reached an asymptotic 
value, 3.1 cal/g starch, for both 10% and 20% salt-starch 
mixtures. Chungcharoen and Lund (1987) reported that the 
gelatinization endothermic energy was decreased in the 
presence of sodium chloride. But opposite results were 
found here due to our experiments which were done with a 
constant moisture content and varied salt concentrations 
(on starch basis), while their experiments were done with 
a constant salt/starch ratio and varied moisture contents. 
With sucrose addition, the endothermic energies were 
similar for the mixtures up to 30% sucrose content. Then, 
energy was slightly increased to 2.62 cal/g starch for 40^ 
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Figure 19. Gelatinization endothermic energies of wheat 
starch at different solute concentrations 
(on starch weight basis) in 60% D20 (on 
starch and D20 wieght basis). 
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sucrose content. The same explanation as that for salt- 
starch mixtures was suggested here as well as for the 
opposite results reported by Chungcharoen and Lund (1987) 
and Wootton and Bamunuarachchi (1978). 
7.3.3 Gelatinization of Freeze-Dried Sucrose-Starch 
Mixtures 
For two reasons: 1) Carrillo et al. (1988) found that 
the structure of starch-sucrose mixture is more open after 
freeze-dried pretreatment. 2) An "interaction" between 
sucrose and starch was found from our sorption and NMR 
study as discussed in section 7.2. Would these structural 
changes and molecular interactions affect the 
gelatinization properties of the freeze-dried sucrose- 
starch mixtures? To further understand, the experiments 
were carried out with freeze-dried sucrose-starch mixtures 
at a high of 85% and low of 45% moisture content. The 
data are presented in Table 4 and 5, respectively. 
The changes of TQ and Tp of freeze-dried sucrose- 
starch mixtures at 85% and 45% moisture contents both had 
paralell trends. Thus, only Tp was used to compare the 
effect of moisture contents on the gelatinization as sho^,r, 
in Figure 20. At 85% moisture content, similar Tp, 
ranging from 65.35 to 66.86°C, were observed to be 
independent to sucrose concentration. However, when the 
moisture content decreased to 45%, there was a drastic 
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Table 4. Gelatinization onset and peak tempratures and 
endothermic energies of freeze-dried 10, 20, and 
30% (on starch weight basis) sucrose-starch 
mixtures at 85% (on total weight basis) moisture 
content. 
Sucrose Content 
(% starch basis) 
Onset Temp* 
ToX°Cl 
Peak Temp* Endo. Energy* 
Tp(°C) cal/g starch 
0.1 59.57+0.13 65.35+0.05 4.66+0.48 
0.2 59.31+0.18 65.87+0.09 4.12+0.13 
0.3 59.62+0.99 66.31+0.68 4.25+0.47 
* standard deviation of 4 replications. 
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Table 5. Gelatinization onset and peak temperatures and 
endothermic energies of freeze-dried 10, 20, 
and 30% (on starch weight basis) sucrose-starch 
mixtures at 45% (on total weight basis) moisture 
content. 
Sucrose Content 
(% starch basis) 
0.1 
0.2 
0.3 
Onset Temp* 
_TqX0^! 
58.19+0.75 
62.21+0.58 
66.40+1.36 
Peak Temp* 
TpI°Cl 
64.78+0.68 
67.93+0.23 
72.05+0.65 
Endo. Energy* 
cal/g starch 
2.00+0.00 
1.54+0.14 
1.4 8 + 0.04 
* standard deviation of 4 replications. 
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Figure 20. Gelatinization peak temperatures of freeze- 
dried sucrose-starch mixtures at 45% and 
85% moisture contents (on total weight 
basis), respectively. 
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increase in TD with the increase of sucrose content, from 
Jr 
61.41 to 72.05°C. 
For high moisture content of 85%, the water was 
enough for all of the starch granules to gelatinize, thus 
Td seemed to not change very much within the experimental 
sucrose concentrations. For low moisture content of 45%, 
TD increased with sucrose content, which was similar to 
the results of mechanically mixed mixtures as presented in 
Figure 18. These results suggested that the 
gelatiniization behavior of freeze-dried sucrose-starch 
mixtures was similar to that of mechanically mixed samples 
within the sucrose concentrations and temperature ranges 
of our experiments. 
The gelatinization endothermic energy of these 
mixtures had the same trend regardless of their moisture 
content (Figure 21). The decrease of gelatinization 
endotherms with the increase of sucrose contents in these 
mixtures could be due to the reduction of starch fraction 
or the increase of amorphous regions in the mixtures. 
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Figure 21. Gelatinization endothermic energies of 
freeze-dried sucrose-starch mixtures at 
45% and 85% moisture contents (on total 
weight basis), respectively. 
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~.* Glass Transition Temperatures of Gluten or starch. 
and Its Mixtures 
~.4.l To of Raw,Gluten and Freeze-Dried Sucrose-Gluten 
Mixtures 
The To of raw gluten and freeze-dried gluten are 
shown in Table 6. The vacuum oven-dried raw gluten with 
0% moisture content, had a glass transition at 140.60°C. 
For raw gluten with 6.74% w.b. moisture content, glass 
transition temperature dropped 65°C to 75.67°C. The 
freeze-dried gluten with 1.01% moisture content had a 
glass transition at 89.27°C, which was 51°C lower than 
that of raw gluten with 0% moisture content, and only 14°C 
higher than that of raw gluten with 6.74% moisture 
content. 
The vacuum oven dried raw gluten had a Tg at 140°C, 
which was similar to the result of Fujio and Lim (1989), 
but was 20 to 30°C lower than that of Hoseney et al. 
(1986). This could be due to the different sample source. 
The gluten we used was purchased from a milling company, 
which was similar to the sample source of Fujio and Lim 
(1989), while the gluten that Hoseney et al. (1986) used 
was hand-washed from flour and lyophilized. Water is a 
very efficient plasticizer on wheat gluten (Levin and 
Slade, 1990), because gluten appears to be an amorphous 
random polymer (Hoseney et al., 1986). The plasticizing 
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Table 6. The glass transition temperatures of raw and 
freeze-dried gluten. 
Samples 
Raw 
Raw 
Freeze-dried 
Moisture Content* 
(% weight basis) 
0.00+0.00 
6.74+0.08 
1.01+0.03 
Glass Trans. 
Temp. f°C) 
140.60+0.89 
75.67+0.46 
89.27+0.28 
* standard deviation of 4 replications 
effect of water on wheat gluten was obvious in the data in 
Table 6. When moisture increased to 6.74%, Tg decreased 
to 75.67°C, which was similar to the results of Fujio and 
Lim (1989) and Hoseney et al. (1986) at the same moisture 
content. 
The Tg, 89.27°C, of freeze-dried gluten with 1.01% 
moisture content was about 30°C lower than the extraplot 
value of Fujio and Lim (1989). The freeze-drying process 
possibly opened the gluten structure more due to the 
composition of gluten. Gluten proteins contain 37% (on 
all amino acid residues basis) of glutamine which has a 
terminal polar amide group and this group participates in 
hydrogen bonding (Wall and Beckwith, 1969). These 
hydrogen bondings might occur during the hydration (80% 
moisture w.b.) process prior to freeze-drying. Thus, the 
gluten structure was opened and glass transition would 
occur easier, therefore a decreased Tg was observed. 
The Tg of freeze-dried sucrose-gluten mixtures are 
shown in Table 7. Freeze-dried gluten (0% sucrose) with 
1.01% w.b. moisture content had a glass transition at 
89.27°C as stated earlier. Freeze-dried 10% sucrose- 
gluten with 0.74% w.b. moisture content had a glass 
transition at 98.56°C, and freeze-dried 20% sucrose-gluten 
with 0.12% moisture content had a glass transition at 
110.71°C (Table 7). As the results showed here, from the 
moisture content aspect, water showed its plasticizing 
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Table 7. The glass transition temperatures of freeze- 
dried gluten with 0, 10, and 20% sucrose (on 
total weight basis) mixtures. 
Glass Trans.* 
Temp. f°C) 
89.27+0.28 
98.56+0.72 
110.71+0.57 
* standard deviation of 4 replications. 
Sucrose Content 
(% gluten basis1) 
0 
10 
20 
Moisture Content* 
(% weight basis) 
1.01+0.03 
0.74+0.03 
0.12+0.03 
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effect when moisture contents decreased, Tg increased. In 
addition to the water plasticizing effect, possibly due to 
the sucrose "antiplasticizing" effect in these mixtures 
(Levin and Slade, 1990) thus when sucrose contents 
increased, Tg increased. 
7.4.2 Ta of Raw Starch and Freeze-Dried Sucrose-Starch 
Mixtures 
The glass transition temperatures (Tg) of raw and 
freeze-dried starches are shown in Table 8. The vacuum 
oven dried raw starch had a Tg at 107.57°C. For raw 
starch with 8.96% (weight basis) moisture content, Tg 
dropped 10°C to 97.72°C. The moisture content of freeze- 
dried starch was 0.08% weight basis. With this negligible 
amount of water, the freeze-dried starch had a Tg 
occurring at 100°C. This Tg was 8°C lower than that of 
the vacuum oven dried raw starch and only 2°C higher than 
that of raw starch with 8.96% moisture content. 
The Tg of vacuum oven-dried raw starch, 0% moisture 
content by this drying method, was 107.57°C. van den Berg 
(1981) showed a range of calculated value, 62 to 132°C, 
for maize starch. There is another reference value of 
125°C for dried starch (van den Berg, 1986), but no 
further information could be obtained. 
The Tg of freeze-dried raw starch with 0.08% w.b. 
moisture content was 8°C lower than that of raw starch 
with 0% moisture content. This could be due to more 
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Table 8 The glass transition temperatures of raw 
and freeze-dried starch. 
Sample 
Raw 
Raw 
Freeze-dried 
Moisture Content* 
f% weight basis^ 
0.00+0.00 
8.96+0.11 
0.08+0.02 
Glass Trans.* 
Temp. f°C) 
107.57+0.04 
97.72+2.06 
100.00+3.54 
standard deviation of 4 replications. 
amorphous regions occurring after freeze-drying (Carrillo 
et al., 1988), thus depressing Tg. 
The glass transition temperatures of freeze-dried 
starch-sucrose mixtures are shown in Table 9. Freeze- 
dried starch (0% sucrose), as described previously, had Tg 
at 100°C. The 10% sucrose-starch mixture with 0.03% w.b. 
moisture content had a Tg at 100.70°C. The 20% sucrose- 
starch mixture with 0.09% w.b. moisture content had a 
glass transition at 102.32°C. The moisture contents among 
these three samples were all at negligible amounts, from 
0.03 to 0.09%, which might not have any plasticizing 
effect within these mixtures. In addition to the water, 
sucrose, as a small molecule and non-volatile compound 
present in the system, acted as a co—plasticizer 
(Gowariker et al., 1986; Levine and Slade, 1990). 
Compared to the water, sucrose has less plasticizing 
effect, or so-called "antiplasticizer" (Levine and Slade, 
1990). In this case, sucrose seemed not to have its 
plasticizing effect on the mixtures. This could be due to 
the starch-sucrose interaction as we discussed in Chapter 
7.2. Thus, these three samples had similar Tg from 100° 
to 102.32°C. 
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Table 9. The glass transition temperatures of freeze- 
dried starch with 0, 10, and 20% sucrose (on 
total weight basis) mixtures. 
Sucrose Content 
(% weight basis) 
Moisture Content* Glass Trans. 
(% weight basis) Temp. (°C) 
0 0.08+0.02 100.00+3.54 
10 0.03+0.01 100.70+0.25 
20 0.09+0.02 102.32±1.57 
* standard deviation of 4 replications. 
7.5 Bread Microstructure and Their Starch Retrogradation 
as Studied bv Microscopy and DSC 
Wheat gluten affects bread structure because it is a 
key constituent of the flour and it has the ability to 
form a continuous film that retains minute carbon dioxide 
bubbles formed after leavening (Briggle and Curtis, 1987). 
The structure and properties of these gas cells and cell 
walls are the determining factors of bread structure 
(Baker, 1941). 
Surfactants interacting with gluten may contribute to 
increased gas retention ability of gluten (Hoseney et al., 
1970). By adding surfactants, flour with low gluten 
content gives the same fine structure as bread made from 
high gluten content flour (Belderok, 1975). 
There is little literature on bread microstructure 
regarding the effects of protein (gluten) contents and 
surfactant additions. 
7.5.1 Bread Microstructure 
7.5.1.1 Effects of Flour Types 
Soft wheat flour (SWF), all-purpose flour (APF), and 
hard wheat flour (HWF) were used to study the effect of 
gluten on the microstructure of bread. The protein 
contents for these 3 types of flour are 9.5% for SWF, 
11.0% for APF and 13.9% for HWF. Among them, the protein 
content of SWF was the lowest and that of HWF was the 
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highest. All breads were made according to the "standard" 
formula and process as stated in the sections 6.1 and 
6.2.5. 
Four to six bread blocks (5x10x20 mm) for each 
treatment were pooled together from different loaves of 
bread. At least 80 sections were made from each block, 
around 50 fields were observed and a representative sample 
was chosen to take the pictures presented here. 
Figure 22 shows the microstructures of the three 
types of bread. SWF bread seemed to have the largest size 
of air cells (Fig. 22A). The cells were irregular in 
shape and some were disrupted. The thickness of the cell 
walls was not uniform. The APF bread showed somewhat 
similar microstructures (Fig. 22B) with some smaller 
cells. For the HWF bread, there were more of the medium- 
size and intact air cells present (Fig. 22C). The 
distribution of air cells was relatively more uniform with 
uniformly thin cell walls. 
Gluten, both quantitatively and qualitatively, 
present in flour has been described to be the key 
constituent in bread making (Bushuk, 1985). Since wheat 
gluten has the ability to form a continuous film that 
retains minute carbon dioxide bubbles after leavening 
(Briggle and Curtis, 1987), the bread samples with 
relatively low protein content (SWF and APF) had more 
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Figure 22. The microstructures of standard breads 
made from soft (A), all-purpose(B), 
and hard wheat flour (C). The 20 /m 
sectioned samples were observed under 
light microscope at a 40x magnification. 
Ill 
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large air cells and more disrupted cell walls than HWF 
bread (Figure 22). 
The strength of protein matrix is also governed by 
the protein quality. This is primarily dependent on 
genotypic trait and is extremely complex and very 
difficult to determine (Bushuk, 1985). Thus, from the 
microstructure aspect, we concluded that hard wheat flour 
was better than soft wheat and all-purpose flour for bread 
making due to its higher gluten level and/or quality. In 
addition to the effect of gluten, the other artificial 
factor that might damage the bread structur was ice 
crystal formation during liquid nitrogen quick freezing, 
prior to freeze-drying and the embedding processes. As it 
is found in concentrated gluten gel that the protein 
matrix has been distorted due to the cooling rate is not 
high enough (Hermansson and Buchheim 1981). Although 
liquid nitrogen was used here, we did not attempt to 
monitor the cooling rate but assumed that all samples (of 
sample sizes) were cooled at relatively the same rate and 
thus had same ice crystal sizes, if they were formed. 
7.5.1.2 Effects of Surfactants 
Surfactants have been used to improve the quality of 
baked products (Birnbaum, 1977). One of their primary 
functions is dough conditioning by improving the gluten 
elasticity (Garti, et al., 1980). The effects of SSL, 
sucrose esters (SE, with HLB value of 11), and Dimodan on 
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the microstructure of bread were compared with the control 
(no surfactant added) (Figure 23). All were made from 
APF. The control (Fig. 23A) bread sample (same as Figure 
22B), showed extremely large air cells and so did the 
Dimodan-treated and SE-treated breads (Fig. 23B and 23C, 
respectively). The SSL-treated bread (Fig. 23D) had more 
of the medium-sized air cells which interdispersed with 
small air cells. The distributions of air cells were 
relatively uniform, i.e., there seemed to be less of the 
extremely large cells and more of the medium/small cells. 
The cell walls were also thicker. Some cell walls were 
disrupted but still maintained their shapes. The cell 
walls in the control sample (Fig. 23A) were uniform, which 
seemed to be also the case for Dimodan-treated sample 
(Fig. 23B). Figure 23C and 23D show that the cell walls 
were thicker and more uniform. The overall structure for 
all samples shown in Fig. 23 also showed some contrasting 
degree of fracture in structure. Dimodan-treated sample 
(Fig. 23B) was the worst. This, as mentioned above, was 
probably due to the different stability of surfactant- 
wheat polymer interaction to withstand some mechanical 
treatment, e.g. mixing and kneading, during the sample 
preparation process. The SSL-treated bread (Fig. 23D) was 
the best in terms of intactness and cellular uniformity. 
SSL possibly improved the bread grain by allowing 
the dough to form many small uniform air cells (Junge et 
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al., 1981), and by increasing structural stability of 
yeasted dough (Tsen and Weber, 1981), thus resulting in 
the medium sized and the homogeneous distrubution of air 
cells. On the other hand, sucrose ester has been reported 
to increase dough functionality (Watson and Walker, 1986) 
and the overall quality of bread (Pomeranz, et al., 1969). 
Its ability to improve the cellular structure of bread was 
noticeable (Fig. 23C) but not as great as SSL (Fig. 23D). 
From Figure 23, obviously, the addition of Dimodan did not 
improve the bread microstructure at all. 
7.5.1.3 Effects of Compressions 
In order to see how the structural damage may occur 
upon compressing (which in turn indicates some degree of 
elasticity of the bread). The effects of 0%, 20%, and 50% 
compression on the microstructure of the control and SSL- 
treated breads were compared as shown in Figure 24. Upon 
compression of a control from 0 to 50% compression (Fig. 
24A-24C), the air cells deformed, losing the roundness of 
the cellular structure, and the walls were broken. At 50% 
compression, the structure was severely damaged (Figure 
24C) . 
Similar results were found in the case of SSL-treated 
bread (Figure 24D-24F). However, it was observed that 
although the cell walls were thick, they also became 
disrupted. Nevertheless, some intact medium-sized cells 
in the compressed samples (Fig. 24E, 24F) . 
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7.5.2 Starch Retrogradation in the Bread 
In addition to the gluten, starch retrogradation is 
another key factor responsible for bread staling (Schoch, 
1965). For the two starch components, amylose 
crystallizes completely by the time bread has cooled down 
from the oven (Schoch and French, 1947), and amylopectin 
retrogrades slowly during storage (Kim and D'Appoicnia, 
1977; Noznich et al. , 1946; Pisesookbontemg and 
D'Appolonia, 1983a,b; Schoch and French, 1947). Thus, it 
would be appropriate to monitor the retrogradation of 
amylopectin as an index of starch retrogradation in the 
bread during storage. 
The interaction of surfactants and starch has been 
found to reduce starch retrogradation which is believed to 
delay bread staling. Between the two starch components, 
the studies of surfactants-amylose complexes have been 
well established (Carlson et al., 1979; Gray and Schoch, 
1962; Krog, 1971; Krog, 1977; Krog, 1981; Lagendijk ana 
Pennings, 1970; Mann and Morrison, 1974; Osman et al., 
1961), while the interaction between surfactants and 
amylopectin still remains contradictory. 
Starch crystals can be observed under a polarized 
light microscope by the presence of birefringence, an- 
measured by DSC by the crystal melting energy. Therefore, 
these two methods were used. 
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7.5.2.1 Polarized Light Microscopy 
The starch crystals for SWF, APF, and HWF breads were 
observed under polarized light microscopy as shown in 
Figure 25. The starch crystals distributed along the cell 
walls among these three types of bread. It was difficult 
to put these three breads in order of number of starch 
crystals. But, it was clear that the cell walls around 
the disrupted areas were covered with starch crystals 
(Figure 25). Since after baking, protein forms thin 
strands interwoven with gelatinized starch (Bechtel et 
al., 1978; Sandstedt et al., 1954), these gelatinized 
starch granules could be the weak points in the structure 
that caused rupture of the protein stands (Sandstedt et 
al., 1954). 
SSL-treated, sucrose ester-treated, and Dimodan- 
treated breads were made with APF (Figure 26). In SSL 
bread, because of the intact air cells, some starch 
crystals dispersed along cell walls could be observed 
(Figure 26). In the Dimodan-treated and SE-treated 
breads, the cell walls were more fragmented. However, the 
starch crystals were less obvious. This was not 
conclusive, because of some possible interference by the 
fragmented cell walls. In addition, the high 
magnification (lOOx) used in Fig. 26 limited the 
observable area, thus choosing a particular field to 
observe and to take pictures could be subjective. 
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Figure 25. Dark field micrograph of standard breads 
made from soft wheat (A), all-purpose (B), 
and hard wheat flour (C) . The 2 0 /xm 
sectioned samples were observed under 
polarized light microscope at a lOOx 
magnification. 
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7.5.2.2 DSC Studies 
It was obvious in the polarized light microscopy that 
the degree of starch retrogradation could only be 
determined qualitatively. Therefore, it was necessary to 
apply a more analytical technique to compare the amount of 
starch retrogradation in the different-treatment breads 
quantitatively. DSC has been a favorable technique for 
evaluating starch recrystalization (Atwell et al., 1988). 
The specific endotherm, calories per gram bread sample, 
measured by DSC was calculated to be calories per gram 
starch according to the amount of starch presented in the 
bread sample. 
If there is no water loss during storage, the 
predominant mechanism of bread staling is the time- 
dependent recrystallization of amylopectin (Marsh and 
Blanshard, 1988; Miles et al., 1985; Paton, 1987; Russell, 
1983, 1987; Siljestrom et al., 1988; Zelenak and Hoseney, 
1986) . 
The DSC results of melting starch crystals in the 
SWF, APF, and HWF breads at the day 4 of storage time are 
shown in Table 10. Retrograded starches in HWF bread 
started to melt (T0) at 53°C, the maximum melting 
temperature (Tp) was 63°C, and the endothermic energy was 
0.29cal/g starch. The starch endothermic temperatures for 
APF bread were similar to that of SWF bread, 64°C (APF) 
and 61°C (SWF) for TQ and about 73° for Tp (Table 10). 
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Table 10 Starch retrogradation endothermic energies of 
day 4 breads made from different types of wheat 
flour. 
Endo. Energy* 
cal/q starch 
0.29+0.02 
0.36+0.15 
0.59+0 o 08 
* standard deviation of 8 to 10 replications. 
Flour used 
Hard wheat 
Onset Temp1 
To(°Cl 
53.09+4.26 
Peak Temp 
Tp L°Cl 
63.39+6.73 
All-purpose 64.48+2.69 72.89+1.40 
Soft wheat 60.58+0.59 72.55+0.64 
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However, the endothermic energies were different, 
0.36cal/g starch for APF bread and 0.59cal/g starch for 
SWF bread (Table 10). Both Tp and endothermic energy of 
starch in HWF bread were the lowest among these three 
types of bread. The endothermic energy seemed to be 
inversely correlated with the protein content in the flour 
used. This was in agreement with Bechtel and Meisner 
(1954, crumb firmness study), Kim and D'Appolonia (1977b, 
from kinetic study), Kim and D'Appolonia (1977c, recovery 
of soluble starch study), and Prentice et al., (1954, 
crumb firmness study). The results suggested that protein 
(mainly gluten) interfered with the starch retrogradaion. 
The DSC data for the breads treated with different 
surfactants are shown in Table 11 and an example of these 
thermograms is shown in Figure 27. From Table 11, 
standard bread (without surfactant addition) was used as 
control to compare with 0.5% addition of SSL, sucrose 
ester (HLB values of 16 and 11, Table 11), and Dimodan, 
respectively. Also, margarine was replaced by shortening 
for bread making to compare with the control. The results 
are shown in Table 12. 
From Table 11, as surfactants were added, the TQ and 
Tp of starch melting seemed to be decreased and they had 
similar trends. The control had the highest TQ and Tp, 
64.48 and 72.89°C, respectively. Its endothermic energy 
was 0.36 cal/g starch. The TQ and Tp decreasing order was 
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Table 11. Starch retrogradation endothermic energies of 
day 4 breads with different surfactant addition 
(all surfactants were on 0.5% flour weight 
basis). 
Endo. Energy* 
cal/g starch 
0.36+0.15 
0.37+0.03 
0.28+0.00 
0.54+0.02 
0.66+0.13 
* standard deviation of 8 to 10 replications. 
** SE: sucrose ester. 
Surfactants 
SSL 
SE** (HLB 16) 
SE** (HLB 11) 
Dimodan 
Onset Temp1 
To L°Cl 
None (control 64.48+2.69 
60.44±1.60 
55.04±0.71 
58.57+2.56 
59.64+1.25 
Peak Temp* 
Tp C°C] 
72.89+1.40 
69.71+3.03 
62.56+0.21 
69.42+0.72 
67.24+3.32 
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Figure 27. Example of DSC thermograms for starch 
retrogradation in day 4 standard breads 
with SSL, sucrose ester, and Dimodan 
addition (0.5% flour weight basis). 
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SSL-treated, Dimodan-treated, sucrose ester (HLB 11)- 
treated, and sucrose ester (HLB 16)-treated bread. The T0 
and Tp of sucrose ester (HLB 16)-treated bread, 55.04 and 
62.56°C, were the lowest, and its endothermic energy, 0.28 
cal/g starch, was the lowest, too. Contrarily, the 
endothermic energy of sucrose ester (HLB 11)-treated bread 
was 50% higher than the control. SSL-treated bread had 
similar endothermic energy, 0.37 cal/g starch, as the 
control. And the endothermic energy for Dimodan-treated 
bread was higher than the control. 
As margarine was replaced by shortening, the TQ, Tp, 
and endothermic energy were similar to the control (Table 
12). This showed that different lipid sources, margarine 
or shortening, did not affect starch retrogradation in the 
bread at all. 
Based on these results, if the amount of endothermic 
energy was referred to as the amount of starch 
retrogradation, then sucrose ester (HLB 16)-treated bread 
had less starch retrogradation. However, sucrose ester 
(HLB 11)-treated and Dimodan-treated breads showed more 
starch retrogradation than the control, whereas SSL 
treatment gave a similar result as the control. Thus, the 
results suggested that the sucrose ester (HLB 16) had some 
degree of interaction with amylopectin which retarded or 
delayed amylopectin retrogradation. 
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Table 12. Starch retrogradation endothermic energies of 
day 4 breads using different lipid sources 
(margarine was used in standard formula, and 
shortening was used to replace margarine). 
Endo. Energy* 
cal/g starch 
0.36+0.15 
0.39+0.04 
* standard deviation of 8 to 10 replications. 
Lipid used 
Margarine 
(control) 
Onset Temp1 
64.48+2.69 
Peak Temp* 
Tp L°Cl 
72.89+1.40 
Shortening 61.55+1.30 70.02+1.27 
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The starch crystal melting temperatures and 
endothermic energy for all of the breads (different types 
of flour, different surfactants) with 0%, 20%, and 50% 
compression were not significantly different, which 
indicated that starch retrogradation was independent of 
the compression. 
On the opposite note, that mechanical properties 
might rather be dependent on starch retrogradation, 
because two major components of the bread cell walls are 
gluten matrix and starch granules, which control the 
strength of the structure. Thus, any change of these 
components, e.g. starch retrogradation, might serve as the 
weak points of the structure (Sandsted et al., 1954). 
Therefore, this change could greatly affect its mechanical 
properties. Incidently, it was found here that the 
sucrose ester (HLB 11)-treated and Dimodan-treated breads 
showed a high retrogradation as well as a relatively 
higher fragmentation of the cell walls (Figure 23). 
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CHAPTER 8 
CONCLUSIONS 
8.1 Model System: 
!• There were "interactions" between sucrose and 
gluten, and sucrose and starch. 
2. The "interacted" sucrose-gluten or sucrose-starch 
mixture showed the water absorption behavior 
intermediately between pure sucrose and pure gluten or 
starch. 
3. The water mobility of sucrose-gluten mixtures was 
decreased with the increase of sucrose concentration, 
while for that of sucrose-starch mixtures it was increased 
with the increase of sucrose concentration. 
4. The water plasticization was more effective on raw 
gluten than on raw starch. 
5. Sucrose also was a plasticizer to the gluten or 
starch. However, in sucrose-water-gluten or starch 
mixture, sucrose showed less plasticization effect 
(antiplasticezer). Sucrose showed a drastic 
antiplasticization effect in the gluten mixtures but not 
in the starch mixtures. 
6. Starch gelatinization endothermic energy increased 
with the increase of moisture content. 
7. With constant moisture content, both salt and 
sucrose increased gelatinization peak temperature and 
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endothermic energy; however, salt showed a more drastic 
effect than sucrose. 
8.2 Bread System: 
Bread was sealed in a can and kept at room 
temperature for 4 days. 
1. Hard wheat flour bread showed the highest 
intactness microstructure and the lowest starch 
crystalline melting endothermic energy among 3 types of 
flour used. 
2. Among 4 types of surfactant additions, SSL-treated 
bread showed highly homogeneous distribution of medium 
sized air cells and intact cell walls. 
3. Sucrose ester (HLB 16)-treated bread showed the 
lowest starch crystalline melting endothermic energy. 
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